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1. Introduction

Micro-beam resonators [1] are utilised in many Micro-
Electro-Mechanical Systems (MEMS) sensor applications 
for environmental monitoring [e.g., temperature (T), 
humidity (RH), pollutant gases] [2, 3]. The advantages 
of temperature and humidity MEMS sensors based on 
MEMS technology include a wide detection range, rapid 
resonant response, and high precision. However, in moist 
air, the detection of temperature and water vapour plays 
a pivotal role in many MEMS sensor applications for 
environmental monitoring [4]. 

In MEMS resonators, the quality factor is the 
primary outcome when micro-beam resonators operate 
at atmospheric pressure. External SFD is one of the 
significant damping sources of MEMS resonators as 

airflow is squeezed in the gap spacing between a micro-
beam and its surrounding substrate [5]. In addition, TED 
[6-9] and support loss [10] are other damping sources for 
micro-beam resonators. For micro-beam structures of 
resonators, three kinds of damping sources - SFD, TED, 
and support loss - which are more dominant than other 
damping sources, have been considered to accurately 
evaluate the quality factor of micro-beam resonators 
[11]. At atmospheric pressure, the quality factor of micro-
beam resonators is highly influenced by the effects of 
temperature (T) and humidity (RH) due to the increased 
viscous damping of moist air. Thus, the effects of 
temperature and relative humidity are crucial to discuss 
when aiming to improve the quality factor of micro-beam 
resonators since the transverse vibration of micro-beam 
resonators is significantly resisted by the SFD. 
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Abstract:

At atmospheric pressure (p=101325 Pa), the effects of humidity and temperature on moist air become important 
when discussing the quality factor of micro-cantilever and micro-bridge resonators. The squeeze film damping 
(SFD) problem, the dominant damping source for micro-beam resonators, is modelled using the modified 
molecular gas lubrication (MMGL) equation with finite element modelling (FEM) in the eigenvalue problem. 
The MMGL equation is modified with the effective viscosity of moist air (µeff) to account for the effects of 
humidity and temperature. Other damping sources, such as thermoelastic damping (TED) and the support loss 
of micro-beam resonators, are also calculated. The quality factor of micro-beam resonators is then discussed 
over a wide range of temperatures and relative humidity levels at atmospheric pressure and gas rarefaction. 
The results show that the quality factor of micro-cantilever and micro-bridge resonators increases as both 
humidity and temperature rise in atmospheric pressure and gas rarefaction. Furthermore, the quality factor 
of a micro-bridge resonator with changes in humidity and temperature is significantly higher than that of a 
micro-cantilever resonator in atmospheric pressure and gas rarefaction.
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In gas rarefaction, atmospheric pressure (p=101325 
Pa) is introduced into a narrow air gap spacing (h0). Then, 
slip flow occurs on the micro-beam and substrate surfaces. 
Hence, the effect of gas rarefaction becomes significant 
on the dynamic performance of MEMS resonators, even 
at atmospheric pressure and ultra-thin gap spacing [11, 
12]. To account for the effects of temperature and relative 
humidity in atmospheric pressure and gas rarefaction, 
the effective viscosity of moist air (µeff=µ/Qp), which 
is defined as the ratio of the Poiseuille flow rate (Qp) 
[13] and the dynamic viscosity (µ) [14] of moist air, 
modifying the MMGL equation for the SFD problem. 
As a result, the influences of temperature and relative 
humidity on the quality factor of micro-beam resonators 
can be addressed in both atmospheric pressure and gas 
rarefaction. Existing literature has examined the effects of 
temperature and relative humidity on the quality factors 
of MEMS resonators under atmospheric pressure [15-19]. 
Consequently, the quality factor of micro-cantilevers is 
heavily influenced by temperature and relative humidity 
in the atmospheric environment. However, the effects 
of temperature and relative humidity of moist air on the 
quality factor of micro-bridge resonators in atmospheric 
pressure and gas rarefaction have not yet been considered. 

In this article, the impacts of temperature and relative 
humidity of moist air on the quality factor of micro-
bridge resonators in atmospheric pressure and gas 
rarefaction for environmental monitoring are studied. 
The MMGL equation is solved using the effective 
viscosity (µeff) for the SFD issue to consider the effects 
of temperature and relative humidity across a range of 
pressures, from atmospheric to gas rarefaction. Previous 
studies have only addressed the temperature and relative 
humidity concerning the resonant frequency and quality 
factor of micro-cantilevers [18, 19] in atmospheric 
pressure. However, the micro-bridge structure has not 
been explored and discussed to date. In this research, 
the quality factor of the micro-bridge resonator will be 
discussed and compared to enhance the quality factors 
of MEMS resonators in atmospheric pressure and gas 
rarefaction. The objective of this study is to examine 
the effects of temperature and relative humidity of moist 
air in order to optimise the quality factors of MEMS 
resonators based on the micro-bridge structure for 
environmental monitoring in both atmospheric pressure 
and gas rarefaction.  

2. Materials and methods
2.1. The modified molecular gas lubrication equation 

for air damping of micro-beam resonators

 

Fig. 1. Transverse vibration of micro-beam or micro-bridge 
resonators under air film damping. 

In Fig. 1, the micro-bridge structure is used to discuss 
the effects of temperature and relative humidity on 
the quality factor of MEMS resonators in atmospheric 
pressure and gas rarefaction. In a moist air environment, 
the transverse motion of micro-beam resonators is resisted 
by the air film damping with a certain gas film pressure 
( ( , , )p x y t ). The Poiseuille flow rate (QP) occurs in an 
ultra-thin gap spacing (h0). In this instance, an isothermal 
air squeeze film is assumed for all the edges of the 
rectangular micro-bridge. The micro-beam temperature 
is assumed to be the same as the ambient temperature 
(T=T0). A new MMGL equation [11] is utilised to model 
the SFD problem in order to obtain the pressure variations 
of the gas film as: 
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by: 
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where pv is the water vapor partial pressure; psv is the 
water vapor saturated pressure at a given temperature; xsv 
is the saturated water vapor molar fraction. 

The water vapor molar fraction (xv) can be calculated 
as:
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and  
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0.42873 × 10−3. 
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and 

E0=0.78614, E1=10.79574, E2=5.028, E3=1.50475×10-4, 
E4=0.42873×10-3.

At atmospheric pressure, the dynamic viscosity of 
humid air (µ) [14] is calculated by: 

 

6 

𝜇𝜇 = 𝜇𝜇𝑎𝑎×(1−𝑥𝑥𝑣𝑣)
[(1−𝑥𝑥𝑣𝑣)+𝑥𝑥𝑣𝑣𝛷𝛷𝑎𝑎𝑎𝑎]

+ 𝑥𝑥𝑣𝑣×𝜇𝜇𝑣𝑣
[𝑥𝑥𝑣𝑣+(1−𝑥𝑥𝑣𝑣)×𝛷𝛷𝑣𝑣𝑣𝑣]

                                  (11) 

where 𝜇𝜇𝑎𝑎 and 𝜇𝜇𝑣𝑣 are the dynamic viscosity of dry air and water vapor, respectively, as:  

𝜇𝜇𝑎𝑎 = 𝑀𝑀𝐴𝐴0 + ∑ 𝑀𝑀𝐴𝐴𝑖𝑖(𝑇𝑇 + 273)𝑖𝑖4
𝑖𝑖=1                             (12) 

𝜇𝜇𝑣𝑣 = 𝑀𝑀𝑉𝑉0 + 𝑀𝑀𝑉𝑉1𝑇𝑇                                                (13)  

and  

𝑀𝑀𝐴𝐴0 = -9.8601 × 10-7 , 𝑀𝑀𝐴𝐴1 = 9.08012 × 10-8, 𝑀𝑀𝐴𝐴2 = -1.1764 × 10-10 , 𝑀𝑀𝐴𝐴3 =

1.2350 × 10-13 , 𝑀𝑀𝐴𝐴4 = -5.797 × 10-17, 𝑀𝑀𝑉𝑉0 = 8.058 × 10-6, and 𝑀𝑀𝑉𝑉1 = 4.0005 × 10-8. 

Also, Φ𝑎𝑎𝑣𝑣 and Φ𝑣𝑣𝑎𝑎 are calculated by   

𝛷𝛷𝑎𝑎𝑎𝑎 = √2
4 (1 +

𝑀𝑀𝑎𝑎
𝑀𝑀𝑣𝑣
)
−0.5

× [1 + (𝜇𝜇𝑎𝑎𝜇𝜇𝑣𝑣)
0.5

× (𝑀𝑀𝑣𝑣
𝑀𝑀𝑎𝑎
)
0.25

]
2
                (14) 

𝛷𝛷𝑣𝑣𝑣𝑣 = √2
4 (1 +

𝑀𝑀𝑣𝑣
𝑀𝑀𝑎𝑎
)
−0.5

× [1 + (𝜇𝜇𝑣𝑣𝜇𝜇𝑎𝑎)
0.5

× (𝑀𝑀𝑎𝑎
𝑀𝑀𝑣𝑣
)
0.25

]
2
                (15) 

where 𝛷𝛷𝑎𝑎𝑎𝑎 and 𝛷𝛷𝑣𝑣𝑣𝑣 are interaction factors for calculating 𝜇𝜇𝑎𝑎 and 𝜇𝜇𝑣𝑣, respectively; 

𝑀𝑀𝐴𝐴𝑖𝑖and 𝑀𝑀𝑉𝑉𝑖𝑖are interpolation constants for the dynamic viscosity of dry air and water 

vapor, respectively; Ma and Mv are the dry air and water vapor molar mass, respectively.  

For the effect of gas rarefaction, the Poiseuille flow rate (𝑄𝑄𝑃𝑃(𝐷𝐷)) [13] is derived 

for arbitrary inverse Knudsen number (D) with the accommodation coefficients of two 

surfaces (α1 = α2 = 1.0) by:   

𝑄𝑄𝑃𝑃(𝐷𝐷) = 1 + 3√𝜋𝜋 × 𝑎𝑎 × 𝐷𝐷−1 + 6𝑏𝑏 × 𝐷𝐷𝑐𝑐              (16) 

where a = 0.01807, b = 1.35355, c = -1.17468. 

The inverse Knudsen number (D) is expressed by:  

𝐷𝐷 = √𝜋𝜋
2𝐾𝐾𝑛𝑛

= √𝜋𝜋ℎ
2𝜆𝜆           (17) 

where h is the gap spacing. 

The mean free path of gas is estimated from the kinetic theory of gases [22] is 

expressed as:  

𝜆𝜆 = 𝑅𝑅𝑅𝑅
√2𝜋𝜋×𝑁𝑁𝑎𝑎𝑑𝑑2𝑝𝑝

                     (18) 

where d is the gas molecular diameter; R=8.314 (J/mol) is the gas constant; 𝑁𝑁𝑎𝑎 =
6.0221 × 1023 is Avogadro's number; M is the gas molecular weight.  

 (11)

where µa and µv are the dynamic viscosity of dry air and 
water vapor, respectively, as: 
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 (13) 
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MA3=1.2350×10-13, MA4=-5.797×10-17, MV0 =8.058×10-6, and 
MV1=4.0005×10-8
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𝑀𝑀𝐴𝐴𝑖𝑖and 𝑀𝑀𝑉𝑉𝑖𝑖are interpolation constants for the dynamic viscosity of dry air and water 

vapor, respectively; Ma and Mv are the dry air and water vapor molar mass, respectively.  

For the effect of gas rarefaction, the Poiseuille flow rate (𝑄𝑄𝑃𝑃(𝐷𝐷)) [13] is derived 

for arbitrary inverse Knudsen number (D) with the accommodation coefficients of two 

surfaces (α1 = α2 = 1.0) by:   

𝑄𝑄𝑃𝑃(𝐷𝐷) = 1 + 3√𝜋𝜋 × 𝑎𝑎 × 𝐷𝐷−1 + 6𝑏𝑏 × 𝐷𝐷𝑐𝑐              (16) 

where a = 0.01807, b = 1.35355, c = -1.17468. 

The inverse Knudsen number (D) is expressed by:  

𝐷𝐷 = √𝜋𝜋
2𝐾𝐾𝑛𝑛

= √𝜋𝜋ℎ
2𝜆𝜆           (17) 

where h is the gap spacing. 

The mean free path of gas is estimated from the kinetic theory of gases [22] is 

expressed as:  

𝜆𝜆 = 𝑅𝑅𝑅𝑅
√2𝜋𝜋×𝑁𝑁𝑎𝑎𝑑𝑑2𝑝𝑝

                     (18) 
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6.0221 × 1023 is Avogadro's number; M is the gas molecular weight.  

 (14)

 

6 

𝜇𝜇 = 𝜇𝜇𝑎𝑎×(1−𝑥𝑥𝑣𝑣)
[(1−𝑥𝑥𝑣𝑣)+𝑥𝑥𝑣𝑣𝛷𝛷𝑎𝑎𝑎𝑎]

+ 𝑥𝑥𝑣𝑣×𝜇𝜇𝑣𝑣
[𝑥𝑥𝑣𝑣+(1−𝑥𝑥𝑣𝑣)×𝛷𝛷𝑣𝑣𝑣𝑣]

                                  (11) 

where 𝜇𝜇𝑎𝑎 and 𝜇𝜇𝑣𝑣 are the dynamic viscosity of dry air and water vapor, respectively, as:  

𝜇𝜇𝑎𝑎 = 𝑀𝑀𝐴𝐴0 + ∑ 𝑀𝑀𝐴𝐴𝑖𝑖(𝑇𝑇 + 273)𝑖𝑖4
𝑖𝑖=1                             (12) 

𝜇𝜇𝑣𝑣 = 𝑀𝑀𝑉𝑉0 + 𝑀𝑀𝑉𝑉1𝑇𝑇                                                (13)  

and  

𝑀𝑀𝐴𝐴0 = -9.8601 × 10-7 , 𝑀𝑀𝐴𝐴1 = 9.08012 × 10-8, 𝑀𝑀𝐴𝐴2 = -1.1764 × 10-10 , 𝑀𝑀𝐴𝐴3 =

1.2350 × 10-13 , 𝑀𝑀𝐴𝐴4 = -5.797 × 10-17, 𝑀𝑀𝑉𝑉0 = 8.058 × 10-6, and 𝑀𝑀𝑉𝑉1 = 4.0005 × 10-8. 

Also, Φ𝑎𝑎𝑣𝑣 and Φ𝑣𝑣𝑎𝑎 are calculated by   

𝛷𝛷𝑎𝑎𝑎𝑎 = √2
4 (1 +

𝑀𝑀𝑎𝑎
𝑀𝑀𝑣𝑣
)
−0.5

× [1 + (𝜇𝜇𝑎𝑎𝜇𝜇𝑣𝑣)
0.5

× (𝑀𝑀𝑣𝑣
𝑀𝑀𝑎𝑎
)
0.25

]
2
                (14) 

𝛷𝛷𝑣𝑣𝑣𝑣 = √2
4 (1 +

𝑀𝑀𝑣𝑣
𝑀𝑀𝑎𝑎
)
−0.5

× [1 + (𝜇𝜇𝑣𝑣𝜇𝜇𝑎𝑎)
0.5

× (𝑀𝑀𝑎𝑎
𝑀𝑀𝑣𝑣
)
0.25

]
2
                (15) 

where 𝛷𝛷𝑎𝑎𝑎𝑎 and 𝛷𝛷𝑣𝑣𝑣𝑣 are interaction factors for calculating 𝜇𝜇𝑎𝑎 and 𝜇𝜇𝑣𝑣, respectively; 

𝑀𝑀𝐴𝐴𝑖𝑖and 𝑀𝑀𝑉𝑉𝑖𝑖are interpolation constants for the dynamic viscosity of dry air and water 

vapor, respectively; Ma and Mv are the dry air and water vapor molar mass, respectively.  

For the effect of gas rarefaction, the Poiseuille flow rate (𝑄𝑄𝑃𝑃(𝐷𝐷)) [13] is derived 

for arbitrary inverse Knudsen number (D) with the accommodation coefficients of two 

surfaces (α1 = α2 = 1.0) by:   

𝑄𝑄𝑃𝑃(𝐷𝐷) = 1 + 3√𝜋𝜋 × 𝑎𝑎 × 𝐷𝐷−1 + 6𝑏𝑏 × 𝐷𝐷𝑐𝑐              (16) 

where a = 0.01807, b = 1.35355, c = -1.17468. 

The inverse Knudsen number (D) is expressed by:  

𝐷𝐷 = √𝜋𝜋
2𝐾𝐾𝑛𝑛

= √𝜋𝜋ℎ
2𝜆𝜆           (17) 

where h is the gap spacing. 

The mean free path of gas is estimated from the kinetic theory of gases [22] is 

expressed as:  

𝜆𝜆 = 𝑅𝑅𝑅𝑅
√2𝜋𝜋×𝑁𝑁𝑎𝑎𝑑𝑑2𝑝𝑝

                     (18) 

where d is the gas molecular diameter; R=8.314 (J/mol) is the gas constant; 𝑁𝑁𝑎𝑎 =
6.0221 × 1023 is Avogadro's number; M is the gas molecular weight.  
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where Φ𝑎𝑣 and Φ𝑣𝑎 are interaction factors for calculating  
µa and µv, respectively; MAi and MVi are interpolation 
constants for the dynamic viscosity of dry air and water 
vapor, respectively; Ma and Mv are the dry air and water 
vapor molar mass, respectively. 

For the effect of gas rarefaction, the Poiseuille flow 
rate QP(D) [13] is derived for arbitrary inverse Knudsen 
number (D) with the accommodation coefficients of two 
surfaces (α1=α2=1.0) by:  
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𝑀𝑀𝑎𝑎
𝑀𝑀𝑣𝑣
)
−0.5

× [1 + (𝜇𝜇𝑎𝑎𝜇𝜇𝑣𝑣)
0.5

× (𝑀𝑀𝑣𝑣
𝑀𝑀𝑎𝑎
)
0.25

]
2
                (14) 

𝛷𝛷𝑣𝑣𝑣𝑣 = √2
4 (1 +

𝑀𝑀𝑣𝑣
𝑀𝑀𝑎𝑎
)
−0.5

× [1 + (𝜇𝜇𝑣𝑣𝜇𝜇𝑎𝑎)
0.5

× (𝑀𝑀𝑎𝑎
𝑀𝑀𝑣𝑣
)
0.25

]
2
                (15) 

where 𝛷𝛷𝑎𝑎𝑎𝑎 and 𝛷𝛷𝑣𝑣𝑣𝑣 are interaction factors for calculating 𝜇𝜇𝑎𝑎 and 𝜇𝜇𝑣𝑣, respectively; 

𝑀𝑀𝐴𝐴𝑖𝑖and 𝑀𝑀𝑉𝑉𝑖𝑖are interpolation constants for the dynamic viscosity of dry air and water 

vapor, respectively; Ma and Mv are the dry air and water vapor molar mass, respectively.  

For the effect of gas rarefaction, the Poiseuille flow rate (𝑄𝑄𝑃𝑃(𝐷𝐷)) [13] is derived 

for arbitrary inverse Knudsen number (D) with the accommodation coefficients of two 

surfaces (α1 = α2 = 1.0) by:   

𝑄𝑄𝑃𝑃(𝐷𝐷) = 1 + 3√𝜋𝜋 × 𝑎𝑎 × 𝐷𝐷−1 + 6𝑏𝑏 × 𝐷𝐷𝑐𝑐              (16) 

where a = 0.01807, b = 1.35355, c = -1.17468. 

The inverse Knudsen number (D) is expressed by:  

𝐷𝐷 = √𝜋𝜋
2𝐾𝐾𝑛𝑛

= √𝜋𝜋ℎ
2𝜆𝜆           (17) 

where h is the gap spacing. 

The mean free path of gas is estimated from the kinetic theory of gases [22] is 

expressed as:  

𝜆𝜆 = 𝑅𝑅𝑅𝑅
√2𝜋𝜋×𝑁𝑁𝑎𝑎𝑑𝑑2𝑝𝑝

                     (18) 

where d is the gas molecular diameter; R=8.314 (J/mol) is the gas constant; 𝑁𝑁𝑎𝑎 =
6.0221 × 1023 is Avogadro's number; M is the gas molecular weight.  

 (18)

where d is the gas molecular diameter; R=8.314 (J/mol) 
is the gas constant; Na=6.0221×1023 is Avogadro’s number.  

From Eqs. (3), (7), and (18), the mean free path of 
moist air (λ) can be expressed by: 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
𝑝𝑝𝑇𝑇0′

= 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0′

 ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

 (19)

where λo=66.5 nm, 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
𝑝𝑝𝑇𝑇0′

= 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0′

 ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

=101325 Pa, 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
𝑝𝑝𝑇𝑇0′

= 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0′

 ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

=300 K are the 
reference gas mean free path, reference pressure, and 
reference temperature, respectively.  

The effective viscosity (µeff) of moist air [11] is 
expressed by:
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
𝑝𝑝𝑇𝑇0′

= 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0′

 ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
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 (20)

where µeff (RH, T) can be used to consider the effects 
of temperature and relative humidity in atmospheric 
pressure and gas rarefaction.
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2.2. The linear transverse vibration equation for 
micro-beam resonators

Under small displacement (w), the linear transverse 
vibration equation of a micro-beam in Fig. 1 governs the 
transverse displacement [23], which is expressed as: 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0
′ 𝑇𝑇

𝑝𝑝𝑇𝑇0
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′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0

′ ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

 (21)

where 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
𝑝𝑝𝑇𝑇0′

= 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0′

 ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

 is the rigidity of the material; 
E is Young’s modulus; ν is the Poisson’s ratio; 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0
′ 𝑇𝑇

𝑝𝑝𝑇𝑇0
′ = 𝜆𝜆0𝑝𝑝0

′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0

′ ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

 is the 
structural thickness; 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0
′ 𝑇𝑇

𝑝𝑝𝑇𝑇0
′ = 𝜆𝜆0𝑝𝑝0

′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0

′ ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

 is the gas pressure variation; 
w(x, y, t) is the transverse displacement at positions along 
the structure (x, y) over time (t); pm is the density of the 
material. 

For a micro-cantilever beam [18, 19], single-clamped 
boundary conditions are used at one edge of the cantilever 
(x=0): 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0
′ 𝑇𝑇

𝑝𝑝𝑇𝑇0
′ = 𝜆𝜆0𝑝𝑝0

′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0

′ ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  

 (22)
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  

𝜆𝜆 = 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
𝑝𝑝𝑇𝑇0′

= 𝜆𝜆0𝑝𝑝0′ 𝑇𝑇
(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0′

 ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
𝜕𝜕𝑥𝑥4 + 2 𝜕𝜕4𝑤𝑤

𝜕𝜕𝑥𝑥2𝜕𝜕𝑦𝑦2 + 𝜕𝜕4𝑤𝑤
𝜕𝜕𝑦𝑦4 ) + 𝜌𝜌𝑚𝑚𝑡𝑡𝑏𝑏

𝜕𝜕2𝑤𝑤
𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)
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𝜕𝜕𝑥𝑥2 = 𝜕𝜕3𝑤𝑤(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝑥𝑥3 = 0                                 (24) 

𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                  (25)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                           (26)  
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 
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′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 
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                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 
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2.2. The linear transverse vibration equation for micro-beam resonators 
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variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  
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𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)
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and three free boundaries are used at the other edges of 
the cantilever (x=lb, y=0, and y=wb): 
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 
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′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   
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where µeff (RH,T) can be used to consider the effects of temperature and relative 
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2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  
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From Eqs. (3), (7), and (18), the mean free path of moist air (𝜆𝜆) can be expressed 

by:  
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′ 𝑇𝑇
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(𝑝𝑝𝑎𝑎+𝑅𝑅𝑅𝑅⋅𝑝𝑝𝑠𝑠𝑠𝑠)𝑇𝑇0

′ ,             (19) 

where 𝜆𝜆0 (=66.5 nm); 𝑝𝑝0
′  (=101325 Pa); 𝑇𝑇0

′ (=300 K) are the reference gas mean free 

path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  

𝐷𝐷𝑝𝑝 (𝜕𝜕4𝑤𝑤
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3/12(1 − 𝑣𝑣2)) is the 
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variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)
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path, reference pressure, and reference temperature, respectively.   

The effective viscosity (µeff) of moist air [11] is expressed by: 

𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜇𝜇
𝑄𝑄𝑃𝑃

                               (20) 

where µeff (RH,T) can be used to consider the effects of temperature and relative 

humidity in atmospheric pressure and gas rarefaction. 

2.2. The linear transverse vibration equation for micro-beam resonators 

Under small displacement (w), the linear transverse vibration equation of a 

micro-beam in Fig. 1 governs the transverse displacement [23], which is expressed as:  
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𝜕𝜕𝑡𝑡2 = −𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡)                              (21) 

where E is Young’s modulus; ν is the Poisson’s ratio; DP (=𝐸𝐸𝑡𝑡𝑏𝑏
3/12(1 − 𝑣𝑣2)) is the 

rigidity of the material; 𝑡𝑡𝑏𝑏 is the structural thickness; 𝑝̄𝑝(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) is the gas pressure 

variation; w(x,y,t) is the transverse displacement at positions along the structure (x, y) 

over time (t); 𝜌𝜌𝑚𝑚 is the density of the material.  

For a micro-cantilever beam [18, 19], single-clamped boundary conditions are 

used at one edge of the cantilever (𝑥𝑥 = 0):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 0                     (22) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 0                         (23) 

and three free boundaries are used at the other edges of the cantilever (𝑥𝑥 = ℓ𝑏𝑏, 𝑦𝑦 = 0, 

and 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
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For a micro-bridge, the two double-clamped boundary 
conditions are set at two edges of the micro-bridge (x=0) 
and (x=lb): 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 (27)
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 (28)

and two free-edge conditions at other edges of the micro-
bridge (y=0, y=wb): 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 (29) 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 (30)

2.3. Quality factors of micro-beam resonators

In the eigen-value problem, the quality factor of the 
MEMS resonators in the SFD problem is numerically 
estimated by obtaining the eigenvalue 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

. Then, 

the quality factor for the SFD problem (QSFD) [14] can 
be calculated as the ratio between the natural frequency 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 and the damping factor (δ) 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 by:

 

8 

For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 (31)

where 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 is the complex eigenvalue.

In micro-beam resonators, the total quality factor 
(QT) can be evaluated by the quality factor of the main 
damping sources of the SFD (QSFD), TED (QTED), and 
the support loss (Qsup). Therefore, the total quality factor 
(QT)) of the micro-cantilever and bridge beam resonators 
are calculated as: 
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For a micro-bridge, the two double-clamped boundary conditions are set at two 

edges of the micro-bridge (𝑥𝑥 = 0) and (𝑥𝑥 = ℓ𝑏𝑏):  

𝑤𝑤(0, 𝑦𝑦, 𝑡𝑡) = 𝑤𝑤(ℓ𝑏𝑏, 𝑦𝑦, 𝑡𝑡) = 0                         (27) 
𝜕𝜕𝜕𝜕(0,𝑦𝑦,𝑡𝑡)

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕(ℓ𝑏𝑏,𝑦𝑦,𝑡𝑡)
𝜕𝜕𝜕𝜕 = 0                                           (28) 

and two free-edge conditions at other edges of the micro-bridge (𝑦𝑦 = 0, 𝑦𝑦 = 𝑤𝑤𝑏𝑏):  
𝜕𝜕2𝑤𝑤(𝑥𝑥,0,𝑡𝑡)

𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,0,𝑡𝑡)
𝜕𝜕𝑦𝑦3 = 0                      (29)  

𝜕𝜕2𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)
𝜕𝜕𝑦𝑦2 = 𝜕𝜕3𝑤𝑤(𝑥𝑥,𝑤𝑤𝑏𝑏,𝑡𝑡)

𝜕𝜕𝑦𝑦3 = 0                                             (30) 

  2.3. Quality factors of micro-beam resonators 

In the eigen-value problem, the quality factor of the MEMS resonators in the 

SFD problem is numerically estimated by obtaining the eigenvalue (𝜆̄𝜆 = 𝛿𝛿 + 𝑖𝑖𝑖𝑖). Then, 

the quality factor for the SFD problem (QSFD) [14] can be calculated as the ratio between 

the natural frequency (𝜔𝜔0) (𝐼𝐼𝐼𝐼|𝜆̄𝜆|) and the damping factor (𝛿𝛿) (𝑅𝑅𝑅𝑅|𝜆̄𝜆|) by: 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = | 𝐼𝐼𝐼𝐼(𝜆̄𝜆)
2𝑅𝑅𝑅𝑅(𝜆̄𝜆)| =

𝜔𝜔0
2𝛿𝛿                      (31) 

where 𝜆̄𝜆(= 𝛿𝛿 + 𝑖𝑖𝑖𝑖) is the complex eigenvalue. 

In micro-beam resonators, the total quality factor (QT) can be evaluated by the 

quality factor of the main damping sources of the SFD (QSFD), TED (QTED), and the 

support loss (Qsup). Therefore, the total quality factor (QT)) of the micro-cantilever and 

bridge beam resonators are calculated as:  
1
𝑄𝑄𝑇𝑇

= 1
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

+ 1
𝑄𝑄𝑇𝑇𝑇𝑇𝑇𝑇

+ 1
𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠

                         (32) 

where the basic operating conditions are listed in Table 1. QTED is calculated by Zener’s 

models [6, 7] (Eq. (14) in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. (2003) 

[10] (Eq. (18) in [10]) in Table 3.  

Table 1. Basic geometric and operating conditions of MEMS resonators.  

Symbol Description Values  

ℓ𝑏𝑏 Length of beam 250 µm 

𝑤𝑤𝑏𝑏 Width of beam 10 µm 

𝑡𝑡𝑏𝑏 Thickness of beam 1 µm  

E Young’s modulus of silicon  130 × 109 Pa 

 (32)

where the basic operating conditions are listed in Table 1. 
QTED is calculated by C. Zener’s models [6, 7] (Eq. (14) 
in [7]) in Table 2. Qsup is also calculated by Z. Hao, et al. 
(2003) [10] (Eq. (18) in Table 3). 

Table 1. Basic geometric and operating conditions of 
MEMS resonators. 

Symbol Description Values 

lb Length of beam 250 µm

wb Width of beam 10 µm

tb Thickness of beam 1 µm 

E Young’s modulus of silicon 130×109 Pa

ρm Density of silicon 2330 kg/m3

ν Poisson’s ratio of silicon 0.28

αm Thermal expansion coefficient of silicon 2.6×10-6 1/K

κ Thermal conductivity of silicon 90 W/(m.K)

CP Specific heat capacity of silicon cantilever 700 J/(kg.K)

h0 Basic gas film thickness 4 µm

T0 Basic temperature 50oC

p Ambient pressure of moist air 101325 Pa

T Ambient temperature 0-100oC

RH Relative humidity of moist air 0-100%
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3. Results and discussion 
3.1. Effective viscosity, µeff(RH, T)

Fig. 2. Effective viscosity of moist air (μeff) versus 
temperature (T) for different relative humidity values (RH) 
at atmospheric pressure. 

In Fig. 2, the effective viscosity of moist air (μeff), 
Eq. (20), in dry air linearly increases with T in the dry 
air (RH=0%). Meanwhile, μeff of moist air decreases 
gradually as temperature and relative humidity increase. 
Therefore, we note that the effective viscosity (μeff) 
decreases more significantly as temperature and relative 
humidity increase.

3.2. Effects of temperature (T) and relative humidity 
(RH) on quality factors (QSFD, QT)

In Table 2, the results show that QTED and QZener are 
very high because the TED is very small in the 1st mode 
of cantilever and bridge resonators. Moreover, QTED from 
the FEM (COMSOL Multiphysics) [24] and QZener from 
the C. Zener's models [6, 7] are nearly identical with an 
error of less than 5.94%. Therefore, QTED in the FEM [24] 
can be accurately used to calculate the total quality factor 
(QT) of MEMS resonators. 

In Table 3, the result showed that Qsup is very high 
because the support loss is very small in the 1st mode 
of the resonators. Also, the results of Qsup can be used 
to calculate the total quality factor (QT) of micro-beam 
resonators.

In Fig. 3, the obtained results of QSFD and QT of the 
micro-beam resonators are nearly identical over a wide 
range of temperature and humidity values at atmospheric 
pressure (p=101325 Pa). Therefore, QT can be calculated 
by the main contribution of QSFD because the SFD is the 
dominant damping source and the other damping sources 
(QTED, Qsup) are negligible in the 1st mode of the resonator. 
QSFD and QT of dry air decreases as T increases. QSFD and 
QT of moist air increases as T increases while QSFD and QT 
of moist air increases as relative humidity (RH) increases 
from 0 to 100 % at atmospheric pressure. Then, QSFD and 

Table 2. The quality factor of thermoelastic damping (TED) (QTED) for micro-beam resonators in the 1st mode of vibration. 

Resonators Mode shape  (Hz) QTED in FEM [24] QZener in Zener [6, 7]
% Error 
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gradually as temperature and relative humidity increase. Therefore, we note that the 

effective viscosity (μeff) decreases more significantly as temperature and relative 

humidity increase. 

3.2. Effects of temperature (T) and relative humidity (RH) on quality factors 

(QSFD, QT) 

Table 2. The quality factor of thermoelastic damping (TED) (QTED) for micro-

beam resonators in the 1st mode of vibration.  

Resonators Mode shape 𝒇𝒇𝒏𝒏 (Hz) QTED 

in FEM 

[24] 

QZener 

in Zener  

[6, 7] 

% Error 

|𝑸𝑸𝑻𝑻𝑻𝑻𝑻𝑻−𝑸𝑸𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝒁𝑸𝑸𝑻𝑻𝑻𝑻𝑻𝑻
| ×

𝟏𝟏𝟏𝟏𝟏𝟏% 

Cantilever  19,344 21,738,340 22,589,923 3.77 

Bridge   123,539 3,283,491 3,491,068 5.94 

In Table 2, the results show that QTED and QZener are very high because the TED 

is very small in the 1st mode of cantilever and bridge resonators. Moreover, QTED from 

the FEM (COMSOL Multiphysics) [24] and QZener from the Zener model [6, 7] are 

nearly identical with an error of less than 5.94%. Therefore, QTED in the FEM [24] can 

be accurately used to calculate the total quality factor (QT) of MEMS resonators.  

Table 3. The quality factor of support loss (Qsup) for micro-beam resonators in the 

1st mode of vibration. 

Resonators mode shape 𝒇𝒇𝒏𝒏 (Hz) 𝑪𝑪𝑭𝑭(𝒏𝒏) 𝝀𝝀𝑻𝑻 𝝀𝝀𝑻𝑻/𝒘𝒘𝒃𝒃 Qsup  

[10]  

Cantilever  19,344 2.081 0.241 24,133 32,515,625 

Bridge   123,539 0.638   0.038 3,778 9,968,750 

In Table 3, the result showed that Qsup is very high because the support loss is 

very small in the 1st mode of the resonators. Also, the results of Qsup can be used to 

calculate the total quality factor (QT) of micro-beam resonators. 

100%

Cantilever 19,344 21,738,340 22,589,923 3.77

Bridge 123,539 3,283,491 3,491,068 5.94

Table 3. The quality factor of support loss (Qsup) for micro-beam resonators in the 1st mode of vibration.

Resonators Mode shape fn (Hz) C(F(n)) λT λT /wb Qsup  [10] 

Cantilever 19,344 2.081 0.241 24,133 32,515,625

Bridge 123,539 0.638  0.038 3,778 9,968,750
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QT of moist air increases with temperature and relative 
humidity at p=101325 Pa. Also, QSFD and QT of the 
micro-cantilever with temperature and relative humidity 
is lower than that of the micro-bridge because of SFD 
influences on the cantilever being much stronger than 
that on the micro-bridge.

4. Conclusions

In these results, the quality factors of micro-beam 
resonators are numerically calculated by solving the 
MMGL equation, the equation of transverse vibration 
of the micro-beam, and their appropriate boundary 
conditions simultaneously using the FEM. The effective 
viscosity (µeff (RH, T)) is utilised to modify the MMGL 
equation to consider the effects of temperature and 
relative humidity in atmospheric pressure and gas 
rarefaction. Some of the obtained results are shown as 
follows: (a) The quality factor of micro-beam resonators 
increases as the temperature and relative humidity 
increase in atmospheric pressure and gas rarefaction; 
(b) The quality factor of the micro-bridge resonator with 
temperature and relative humidity is much higher than 
that of the micro-cantilever resonator.

These highlighted results can be utilised to design 
for a high-quality factor and a fast resonant response 
of MEMS resonators. In future work, the design and 
fabrication process of temperature and humidity sensors 
based on micro-bridge resonators can be addressed and 
fabricated using MEMS technologies for environmental 
monitoring.
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1. Introduction

In the present era, the realization of WLEDs can 
be achieved through three distinct techniques, namely: 
i) the combination of red, green, and blue LED chips; 
ii) the utilization of near-ultraviolet (NUV) LED chips 
in conjunction with tricolor phosphors (blue, green, 
and red phosphors); iii) the employment of a yellow-
emitting Y3Al5O12:Ce3+ phosphor with a blue LED chip 
[1]. Nonetheless, current commercial WLEDs frequently 
suffer from a deficiency in the red light spectrum, 
resulting in a low color rendering index (CRI<80) [2]. 
Consequently, the incorporation of a red light emission 

component into WLEDs becomes imperative for 
achieving high CRI values. To address this challenge, 
the development of red-emitting phosphors that can 
be efficiently excited by blue or near-NUV light has 
become a pressing need [1-3]. Unfortunately, existing 
red-emitting nitride or sulfide-based materials, which are 
excitable by blue or NUV light, are marred by chemical 
instability and environmental hazards [4, 5]. Recent 
research efforts have thus focused on red-emitting Eu3+-
doped oxide phosphors that can be excited by NUV light, 
such as Y2O3, CaMoO4 [6, 7]. Amongst semiconductor 
oxides, anatase-phase titanium dioxide (TiO2) emerges 
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In this study, we successfully synthesized europium-doped TiO2 (TiO2:Eu3+) nanomaterials (NMs) with crystalline 
sizes ranging from 6.5 to 71.7 nm through a sol-gel method. Analysis of X-ray diffraction (XRD) patterns and 
ultraviolet-visible (UV-Vis) spectra indicates that the substitution of smaller-sized Ti4+ ions (0.745 Å) by larger-
sized Eu3+ ions (0.947 Å) was more efficient at higher doping concentrations and annealing temperatures. 
Photoluminescence (PL) and photoluminescence excitation (PLE) spectra of the synthesized TiO2:7%Eu3+ 
NMs exhibit a strong red emission band peaking at 613 nm and remarkable absorption in the blue light region 
centered at 463 nm, making them suitable for use in white light-emitting diode (WLED) applications. Our 
findings reveal that both annealing temperature and doping concentration significantly influence the structure 
and properties of these materials. Besides, the research team has seen, under the experimental conditions, 
the TiO2:7%Eu3+ sample annealed at 800°C exhibits the highest PL intensity. These results underscore the 
potential of the synthesized TiO2:Eu3+ NMs as red-emitting materials for WLED applications.
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as a promising host lattice due to its attributes of a high 
band gap (3.2 eV), chemical stability, facile synthesis, 
affordability, non-toxicity, and non-hygroscopic behavior 
[2]. Recent studies have demonstrated that Eu3+-doped 
TiO2 can be effectively excited by blue light and exhibit 
a red emission band spanning from 540 to 740 nm, 
attributed to the 5D0-

7Fj (j=1-4) transitions of Eu3+ ions 
[1, 8]. However, optimizing the procedure for synthesizing 
Eu3+-doped TiO2 phosphors remains challenging owing 
to the significant differences in ionic radius and charge 
imbalance [2]. 

This study presents successful doping of Eu3+ ions 
into the TiO2 host lattice using a sol-gel method. It 
comprehensively investigates and discusses the impact of 
annealing temperature and doping concentration on the 
structure and optical properties of Eu3+-doped TiO2 NMs. 

2. Materials and methods

2.1. Synthesis of Eu3+ doped TiO2 NMs

Eu3+-doped TiO2 (TiO2:x%Eu3+, x=1-10) NMs were 
synthesized via a sol-gel method. Initially, a mixture of 
Eu(NO3)3 and 20 ml of ethanol was stirred for 30 minutes. 
Subsequently, 5 ml of titanium butoxide (Ti(OBu)4) and 
0.85 ml of acetic acid (CH3COOH) were added and 
stirred continuously for 10 minutes. Nitric acid (HNO3) 
was gradually introduced to maintain a pH of 2 in the 
solution. It is worth noting that the calculated mole ratio 
of Eu3+ ions in TiO2 ranged from 1 to 10 mol%. In the 
subsequent step, the solution was further stirred for 
2 hours and then air-dried at room temperature for 24 
hours to yield a dry gel product. Finally, this dry gel was 
subjected to annealing at 100oC for 12 hours, followed 
by a second annealing process in air, ranging from 200 to 
1000oC for 2 hours, to obtain the TiO2:Eu3+ NMs. 

2.2. Characterisation

The surface morphology and crystallite structure of 
TiO2:Eu3+ NMs were analyzed using a field emission 
scanning electron microscope (FESEM-JEOL JSM-
7600F) and XRD, D8 Advanced). The band gap energy 
was determined through UV-Vis absorption spectra, 
employing the JASCO V-750 Spectrophotometer. 
PL and PLE spectra were recorded using a Nanolog 
spectrophotometer, excited by a 450 W Xenon lamp, at 
room temperature.

3. Results and discussion

Fig. 1. XRD patterns of as-synthesized TiO2:7%Eu3+ NMs 
annealed in air at different temperatures of 200-1000oC for 
2 hours.

The XRD patterns of the as-synthesized TiO2:7%Eu3+ 
NMs, annealed in air in the range of 200-1000oC for 2 
hours, are presented in Fig. 1. At the lower temperature of 
700oC, distinct diffraction peaks are observed at 2θ=25.28, 
37.88, 48.09°, 53.98, 55.20, and 62.69o, corresponding to 
the (101), (004), (200), (105), (211), and (204) planes of 
the TiO2 anatase phase (JCPDS # 21-1272), without any 
evidence of impurity phases [1]. When the temperature [8] 
is raised to 800oC, in addition to the anatase phase, new 
diffraction peaks attributed to rutile (JCPDS # 21-1276) 
[9] and Eu2TiO7 (JCPDS 01-087-1852) phases emerge 
in the XRD pattern. These peaks become prominent 
in samples annealed at higher temperatures (900 and 
1000oC), indicating a phase transition from anatase to 
TiO2 rutile and Eu2TiO7 at 800oC.

Figure 2 presents the focused XRD patterns within 
the 2θ range of 20 to 45o, revealing an increase in 
peak intensity and a reduction in the full width at half 
maximum (FWHM) with increasing temperature. This 
observation confirms the formation of a more well-defined 
crystalline structure with higher annealing temperatures. 
Furthermore, a slight shift in the peak position towards 
a larger angle at higher temperatures is noted. This shift 
can be attributed to the enhanced substitution of smaller-
sized Ti4+ ions (0.745 Å) by larger-sized Eu3+ ions (0.947 
Å) within the TiO2 host lattice [10, 11]. 
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Fig. 2. XRD patterns focused in 2θ range from 20 to 45o 
of as-synthesized TiO2:7%Eu3+ NMs annealed in air in the 
range of 200-800oC for 2 hours.

Moreover, the average crystallite size of all samples 
was determined using Debye-Scherrer’s Eq. (1) based on 
the FWHM of the (101) peak [12]:  

5 
 

 D =  Kλ
βcosθ  (nm)                                                              (1) 

where λ=1.54 Å, β, θ and K=0.9 are the X-ray wavelength, full width at half maximum of a 

diffraction peak, diffraction angle, and Scherrer constant, respectively. The calculated results are 

listed in Table 1, indicating a gradual increase in average crystallite size ranging from 6.5 Å to 71.7 

Å with an increase in annealing temperature from 200 to 1000oC. A similar trend has also been 

reported in a previous study [12].  

Table 1. An average crystalite size of TiO2:7%Eu3+ NMs calculated at the (101) plane.  

Temperature (oC) 𝛃𝛃(degree) 2θ (degree) ~D (nm) 

As-synthesize TiO2:7%Eu3+ 1.22 25.3 6.5 

200 1.22 25.3 6.5 

300 1.19 25.3 6.7 

400 1.17 25.3 6.8 

500 1.03 25.3 7.7 

600 0.93 25.3 8.6 

700 0.80 25.4 10.0 

800 0.43 25.4 18.5 

900 0.30 27.2 51.3 

1000 0.21 27.2 71.7 

Figure 3 illustrates XRD patterns of TiO2:x%Eu3+ (x=0-10) NMs annealed in air at 800oC 

for 2 hours. Notably, only diffraction peaks corresponding to the TiO2 anatase phase (JCPDS # 21-

1272) were detected [1]. Additionally, the XRD patterns reveal a decrease in peak intensity with 

an increase in the concentration of doped Eu3+ ions, suggesting that higher doping concentrations 

result in reduced crystallinity of TiO2. This phenomenon can be attributed to the presence of Eu3+ 

ions, which may impede the phase transition process in TiO2 materials. Furthermore, the peak 

position exhibits a slight shift towards larger angles with higher doping concentrations, which can 

be attributed to the enhanced substitution of smaller-sized Ti4+ ions (0.745 Å) by larger-sized Eu3+ 

ions (0.947 Å) within the TiO2 lattice [2]. 

 (1)
where λ=1.54 Å, β, θ and K=0.9 are the X-ray wavelength, 
full width at half maximum of a diffraction peak, 
diffraction angle, and Scherrer constant, respectively. 
The calculated results are listed in Table 1, indicating a 
gradual increase in average crystallite size ranging from 
6.5 Å to 71.7 Å with an increase in annealing temperature 
from 200 to 1000oC. A similar trend has also been reported 
in a previous study [12]. 

Table 1. An average crystalite size of TiO2:7%Eu3+ NMs 
calculated at the (101) plane. 

Temperature (oC) β (degree) 2θ (degree) ~D (nm)

As-synthesize TiO2:7%Eu3+ 1.22 25.3 6.5

200 1.22 25.3 6.5

300 1.19 25.3 6.7

400 1.17 25.3 6.8

500 1.03 25.3 7.7

600 0.93 25.3 8.6

700 0.80 25.4 10.0

800 0.43 25.4 18.5

900 0.30 27.2 51.3

1000 0.21 27.2 71.7

Figure 3 illustrates XRD patterns of TiO2:x%Eu3+ 
(x=0-10) NMs annealed in air at 800oC for 2 hours. 
Notably, only diffraction peaks corresponding to the TiO2 
anatase phase (JCPDS # 21-1272) were detected [1]. 
Additionally, the XRD patterns reveal a decrease in peak 
intensity with an increase in the concentration of doped 
Eu3+ ions, suggesting that higher doping concentrations 
result in reduced crystallinity of TiO2. This phenomenon 
can be attributed to the presence of Eu3+ ions, which may 
impede the phase transition process in TiO2 materials. 
Furthermore, the peak position exhibits a slight shift 
towards larger angles with higher doping concentrations, 
which can be attributed to the enhanced substitution of 
smaller-sized Ti4+ ions (0.745 Å) by larger-sized Eu3+ 
ions (0.947 Å) within the TiO2 lattice [2].

Fig. 3. XRD patterns of TiO2:x%Eu3+ (x=0-10) NMs annealed 
in air at 800oC for 2 hours.

Figure 4 presents field emission scanning electron 
microscope (FESEM) images of TiO2:7%Eu3+ NMs 
annealed in air at different temperatures ranging from 
200 to 1000oC for 2 hours. The observations indicate a 
gradual increase in particle size with rising annealing 
temperature. This phenomenon is likely caused by 
the agglomeration of small clusters, resulting in the 
formation of larger particles at elevated temperatures 
[13]. The largest particle size from 200 nm at 200oC to 1 
µm was obtained at 1000oC. 

(E)

(D)

(C)

(B)

(A)
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Fig. 4. FESEM images of  TiO2:7%Eu3+ NMs annealed in air at 
different temperatures ranging from 200-1000oC for 2 hours (A-F).

Figure 5A displays the UV-Vis spectra of TiO2:7%Eu3+ 
NMs annealed in air at various temperatures within 
the range of 200 to 1000°C for 2 hours. It is evident 
that TiO2:7%Eu3+ NMs exhibit strong absorption in the 
ultraviolet region (200-350 nm) and a weaker absorbance 
band in the NUV to visible range (350-500 nm). The 
former is attributed to the near band-edge absorption of 
TiO2, while the latter is likely associated with the presence 
of Eu3+ ions doped into the TiO2 lattice [3]. Furthermore, 
an increase in absorption intensity with rising annealing 
temperature can be attributed to the substitution of larger-

sized Eu3+ ions for smaller Ti4+ ions. This phenomenon is 
also supported by the XRD pattern analysis presented in 
Fig. 2. The bandgap energy (Eg) of TiO2:Eu3+ NMs can 
be estimated from the absorption spectra in Fig. 5A using 
the Tauc Eq. (2) [1-3]: 

(αhν)1/n = K(hν - Eg)                          (2)
where α, hν, K are the absorption coefficient, photon 
energy and characteristic constant of the specific 
material, respectively. For an indirect semiconductor 
like TiO2, n=2. Utilising the Tauc Eq. (2), the Eg values 
for TiO2:7%Eu3+ NMs annealed at 200, 400, 600, 800, 
and 1000oC were calculated to be 2.94, 2.90, 2.89, 2.85, 
and 2.82 eV, respectively. These values indicate that the 
bandgap of TiO2:7%Eu3+ NMs is smaller than that of pure 
TiO2 (Eg=3.2 eV) and gradually decreases with higher 
annealing temperatures [4, 5, 14]. This phenomenon can 
be attributed to the increased substitution of smaller-
sized Ti4+ ions with larger-sized Eu3+ ions within the TiO2 
lattice, consistent with findings reported in recent studies 
[1-3].  

It has been reported that the incorporation of Eu3+ 
ions into the TiO2 lattice introduces 
intermediate energy levels located 
below the conduction band, resulting 
in the narrowing of the energy band 
gap of TiO2 [Ceramics International 
43 (2017) 9838-9845]. Conversely, 
when Eu3+ is introduced into the 
host lattice of TiO2, it can increase 
the density of absorption centers, 
subsequently leading to higher 
absorbance in the UV-Vis spectrum. 
Therefore, a higher substitution of 
larger-sized Eu3+ ions can increase 
the density of absorption centers, 
resulting in enhanced absorption.

Figure 6 presents the PLE 
spectrum measured at 613 nm (A) and the PL spectrum 
excited at 463 nm (B) of the TiO2:7%Eu3+ NMs annealed 
in air at 800oC for 2 hours. The PL spectrum exhibits a red 
emission band spanning from 540 to 740 nm, with peak 
wavelengths at 577, 594, 613, 655, and 703 nm. These 
peaks correspond to the 5D0

7F0, 
5D0-

7F1, 
5D0-

7F2, 
5D0-

7F3, 
and 5D0-

7F4 transitions of Eu3+ ions, respectively [2, 4, 15-
17]. As depicted in Fig. 6B, the PLE spectrum displays 
notable absorption in the blue light region centred at 463 
nm, which is well explained by a 7F0-

5D2 transition of 
Eu3+ ions [2, 5].

Fig. 5. UV-Vis absorption spectra of TiO2:7%Eu3+ NMs annealed at 200, 400, 600, 
800, and 1000oC (A), relationship between hν and (αhν)2 (B).

(A)

(C)

(E)

(B)

(D)

(F)
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Figure 7A presents the PL spectra excited at 463 
nm of TiO2:7%Eu3+ NMs annealed in air at different 
temperatures within the range of 200 to 1000oC for 2 
hours. All PL spectra exhibit a similar shape, but their 
intensities are significantly dependent on the annealing 
temperature. As the annealing temperature increases 
from 200 to 800oC, there is a gradual enhancement in 
PL intensity. This improvement can be attributed to the 
formation of a more well-defined crystalline structure 
or the substitution of larger-sized Eu3+ ions for smaller-
sized Ti4+ ions within the TiO2 host lattice [13, 18, 19]. 
However, after reaching 800oC, there is a marked 
reduction in PL intensity, which can be attributed to the 
phase transition from anatase to rutile or the formation of 
the Eu2TiO7 compound. 

Figure 7B illustrates the PL spectra of TiO2:x%Eu3+ 
(x=0-10) NMs annealed in air at 800oC for 2 hours. 

While the shape of the spectra remains 
consistent, there is a significant variation 
in PL intensity with increasing Eu3+ ion 
concentration. The PL intensity gradually 
increases within the range of Eu3+ ion 
concentrations from 1 to 7%, and then 
decreases at a higher concentration of 
10%. This phenomenon can be explained 
by PL quenching due to concentration 
effects [5, 15, 20]. At low doping 
concentrations, the Eu3+ ions are widely 
spaced apart, resulting in a low density of 
luminescent centres and, consequently, a 
low luminescent intensity. Conversely, at 
high concentrations, the proximity of Eu3+ 
ions reaches a threshold where energy 
transfer among the Eu3+ ions is facilitated, 
leading to a decrease in PL intensity (as 
seen in Fig. 7B). This is known as the PL 
quenching phenomenon. In this study, 
the PL quenching effect is observed at a 
higher Eu3+ doping concentration of 7%. 
Thus, the optimal concentration of Eu3+ 
ions to achieve the highest PL intensity is 
determined to be 7%.

4. Conclusions
In summary, we have successfully 

synthesised red-emitting Eu3+-doped TiO2 
NMs (NMs) through a sol-gel method. Our 
study highlights the significant influence 
of annealing temperature and doping 
concentration on the crystalline structure 
and optical properties of TiO2:Eu3+ NMs. 

Notably, annealing at 800°C facilitated a phase transition 
from the anatase phase to a combination of TiO2 rutile 
and Eu2TiO7 phases. Furthermore, a gradual increase in 
annealing temperature within the range of 200 to 1000oC 
led to a more pronounced substitution of smaller-sized 
Ti4+ ions (0.745 Å) by larger-sized Eu3+ ions (0.947 Å) 
within the TiO2 lattice. The PL spectra, excited at 463 
nm, exhibited a substantial red emission band with 
peak wavelengths at 577, 594, 613, 655, and 703 nm, 
corresponding to the 5D0-

7F0, 
5D0-

7F1, 
5D0-

7F2, 
5D0-

7F3, and 
5D0-

7F4 transitions of Eu3+ ions, respectively. Remarkably, 
the TiO2:7%Eu3+ sample annealed at 800°C demonstrated 
the highest PL intensity, indicating the optimal conditions 
for emission enhancement. In conclusion, our study 
underscores the promising potential of TiO2:Eu3+ NMs 
for applications in WLEDs, owing to their unique optical 
properties and tunability.

Fig. 6. PLE spectrum measured at 613 nm (A) and PL spectrum excited at 
463 nm (B) of the TiO2:7%Eu3+ NMs annealed in air at 800°C for 2 hours.

Fig. 7.  PL spectra of TiO2:7%Eu3+ NMs annealed in air at different 
temperatures ranging from 200-1000oC for 2 hours (A) and TiO2:x%Eu3+ 
(x=0-10) NMs annealed in air at 800oC for 2 hours (B).
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1. Introduction 
The soil separating and collecting machine is the 

concluding unit of the carrot harvesting machine 
conjugate, which is part of the research products of 
the “Research on the procedure and synchronisation of 
mechanised equipment in producing carrot in Vietnam” 
project.

The basic structure of the soil separating and collecting 
machine is a roller-type separating system that removes 
soil, grass, and trash from carrot roots and then collects 
the carrot roots into containers. The entire arrangement 
of the machine conjugate is illustrated in Fig. 1.

Given the chosen configuration of the machine 
conjugate, the design of the transmission for the collecting 
machine over a long distance needs to be considered. 
Moreover, the collecting machine needs to be capable of 
lifting during the operational process; thus, flexibility in 
the transmission line is essential. 
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Fig. 1. Arrangement of the carrot harvesting machine 
conjugate. Fig. 2. Roller system of the carrot collecting machine.
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The structure of the roller system of the carrot 
collecting machine is depicted in Fig. 2. To maintain 
the functionality of the system, the revolution speed of 
the rollers must be adjustable based on the harvesting 
conditions such as soil moisture, soil hardness, and 
supply volume from the digger. This ensures efficient 
carrot separation from soil, grass, and trash. Additionally, 
the revolution speed must remain stable at a chosen value, 
essentially constant, regardless of the random variation 
in the actual load impacting the roller system due to the 
working conditions.

Given the mentioned structural and operational 
aspects, it’s evident that using a mechanical transmission 
line for the collecting machine is not advantageous. The 
hydraulic transmission line, on the other hand, appears 
more suitable, utilising the hydraulic power supply 
from the tractor. Nonetheless, the operational cost of 
the machine conjugate during the cultivation process 
remains a significant concern. Given that the machine 
conjugate is designed based on a commercial tractor, 
which already possesses a fixed configuration with a 
constant hydraulic flow source, optimising hydraulic 
power supply for the collecting machine isn’t feasible. 
The primary objective of a hydraulic transmission line 
design in this instance is to minimise power loss as 
much as possible. The remainder of this article delves 
into an analysis of potential hydraulic circuit options to 
determine the most effective design solution for efficient 
hydraulic transmission deployment.

2. Materials and methods
2.1. Analysis on hydraulic circuit options
From the foregoing discussion, the hydraulic 

transmission design needs to cater to the roller collecting 
machine’s flexible operational needs while utilising 
a constant hydraulic flow source from the tractor. 
Furthermore, for realistic deployment and to curtail 
manufacturing costs, the design should be straightforward 
and utilise affordable components readily available in 
the market. Detailed operational requirements include: 
the revolution velocity of the roller system should be 
continuously adjustable; roller velocity should remain 
consistent at a specific level; power loss should be 
minimised; the design should be simple design and cost-
effective for deployment.

2.2. Speed control using variable displacement motor
There are two fundamental methods to construct a 

speed control circuit: (1) Utilising variable displacement 
pumps; (2) Combining fixed displacement pumps with 
flow control valves [1]. In the first method, the hydraulic 
motors’ speed can be modulated by adjusting the pumps’ 

volumetric displacement, thereby regulating fluid flow 
from the pumps to the motors. When pumps’ displacement 
remains fixed, analogous circuits can be achieved with 
variable displacement motors. Circuits based on this 
principle, exemplified in Fig. 3, ensure high hydraulic 
efficiency, minimising power loss and providing prompt 
response to control actions [2].

Fig. 3. Speed control circuit using a variable displacement 
motor.

However, speed regulation in the circuit depicted 
in Fig. 3 necessitates a closed-loop control system 
(illustrated in Fig. 4) to maintain the motor’s constant 
angular velocity [3, 4]. This feedback mechanism 
involves feeding the output value (either load or motor 
angular velocity) back to the controller. This system’s 
inherent complexity, especially considering the cost 
of variable displacement motors, sensors, and control 
equipment, makes it an expensive proposition.

Fig. 4. Principle of the closed loop control system.

2.3. Speed control using hydraulic orifice
Orifices are commonplace in hydraulic component 

markets. By pairing fixed displacement pumps/motors 
with orifices, one can devise a speed control circuit. This 
method typically offers a more economical alternative for 
a speed control hydraulic circuit compared to methods 
relying on variable volumetric displacement pumps/
motors [5]. The generally lower costs of fixed displacement 
pumps/motors, owing to their uncomplicated structure, 
account for this affordability.

Figure 5 showcases a speed control circuit iteration 
with an orifice in the main line. The design calls for a 
pressure relief valve, which caps the system’s maximum 
pressure, effectively establishing an almost uniform 
pressure source while concurrently controlling the 
hydraulic fluid flow into the motors.
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Fig. 5. Speed control circuit with orifice in main line.

While this configuration boasts simplicity and cost-
effectiveness, it is marred by considerable power loss. 
This inefficiency stems from the continuous need for 
high system pressure irrespective of load demand. Two 
factors contribute to this power loss: (1) Speed control 
necessitates reaching the pressure relief valve’s set 
value due to orifice adjustments; (2) The orifice induces 
pressure loss as given by:

P=∆Ptl+∆Pt        		                           	 (1)

where P is the system pressure; ∆Ptl represents the drop 
pressure at the orifice; ∆Pt stands for the drop pressure at 
the load motor.

Under uncertain load conditions, the system pressure - 
dictated by the pressure relief valve - must be sufficiently 
high to ensure the system operates optimally. Large 
magnitude load fluctuations lead to further power loss. 
Another inherent flaw is the orifices’ inability to stabilise 
motor speed. Theoretically, when the load alters, the 
pressure at the orifice’s inlet shifts correspondingly, 
causing fluctuating fluid volumes returning to the tanks. 
Consequently, the fluid volume supplied to load motors 
becomes inconsistent, changing motor speed.

Practically, if the pressure relief valve exhibits a broad 
regulation spectrum, as demonstrated in Fig. 6, and load 
changes remain relatively minor, motor speed can be 
considered nearly constant with negligible error [6]. 
However, pinpointing the real load proves challenging, 
especially when trying to confine its variation to align 
with the pressure relief valve’s specifications.

To attenuate power loss, one could position the orifice 
in the return line [5, 7]. Circuits adopting this strategy 
are depicted in Fig. 7. These designs can adjust system 
pressure in line with the load, hence reducing power 
loss. However, this circuit cannot regulate speed since 
the return flow through the orifice depends on the main 
line pressure, leading to varied flow into the load motors. 
In this context, the pressure relief valve merely acts as a 
safety mechanism [7].

Fig. 7. Circuits using an orifice in the return line.

2.4. Proposed approaches using pressure 
compensated flow control valves

Pressure compensated flow control valves are a type 
of flow valve. They are designed to produce a set constant 
flow rate, largely independent of the load. The principal 
structure of a pressure compensated flow control valve 
with a variable flow rate is presented in Fig. 8.

Fig. 8. Principle of pressure compensated flow control 
valves.

Using pressure compensated flow control valves 
in place of orifices in a speed control circuit offers an 
effective solution, especially in cases of fluctuating loads 
[5, 8]. Theoretically, these valves can sustain a constant 
flow rate, regardless of load. The flow rate value is 
derived from the differential pressure between the outlet 
and inlet of the valve, as follows:

Q=C.A. 2. tlP
ρ
∆                                                       (2)

where C stands for the discharge coefficient; A represents 
the open area of needle valve; ∆Ptl=Pk–Pr defines the 
drop pressure through the valve with inlet pressure Pk 
and outlet pressure Pr; ρ denotes the hydraulic oil density. 

Once other parameters are established, the flow 
rate relies solely on the differential pressure ∆Ptl. At Fig. 6. Characteristics of the pressure relief valve.
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equilibrium, the differential pressure across the needle 
valve satisfies the following equation:

Pk×Ap–Fl–Pr×Ap=0                                            (3)

or equivalently 

Pk–Pr=
l

p

F
A

                                                    	  (4)

where Fl is the force generated by the bias spring; Ap 
denotes the compensator spool area. As inferred, this 
differential pressure is always set by the bias spring force, 
ensuring the flow rate remains independent of the load 
pressure (Pr). In real scenarios, the flow rate is still alter 
when the load fluctuates significantly and rapidly [9-11].

Considering the effect of wide-ranging load variations 
on the flow rate through a pressure compensated flow 
control valve, the bias spring force component, Fl, in Eq. 
(4) is given by: 

Fl= ( )0k x x+ ∆                                                   (5)

where k denotes the spring hardness; xo is the initial 
compression of the spring; ∆x represents the change of 
spring compression when load varies. 

For minor load alterations (corresponding to a low 
∆x value), the variation in bias spring force is negligible. 
According to Eq. (4), the differential pressure remains 
fairly constant, resulting in a constant flow rate. However, 
with extensive load shifts, ∆x must be taken into account. 
The discrepancy between the actual and ideal differential 
pressures can be calculated as follows:

P∆ =
.

p

k x
A
∆

                                                      	 (6)

This introduces errors in the flow rate through the 
valve. Moreover, research results in [11] reveal that while 
flow rate errors are minimal at low fluid flow velocities, 
they become significant at higher velocities.

Load change rates also considerably influence 
the performance of the flow control valve due to the 
valve mechanism’s dynamics. Mechanical dynamics 
invariably introduces a transitional phase at the outset of 
the regulation process. The length of this phase varies 
depending on individual valve structural parameters. 
This dynamic mechanism is explained by a second-order 
dynamical equation; see [11, 12] for specifics. Research 
of D.T. Hieu, et al. (2009) [11] also indicates that the 
transitional phase’s duration is affected by the rate of 
load change; a faster change rate elongates the transition, 
increasing flow rate discrepancies.

Pressure compensated flow control valves can be 
implemented in two configurations, akin to orifice-based 
setups. It’s important to note that to achieve continuous 
motor speed control, the flow control valve must be of the 
variable flow rate variety, integrated with a needle valve 
(as illustrated in Fig. 8). In the primary configuration, 
with the flow control valve situated in the main line 
(refer to Fig. 9), the circuit results in substantial power 
loss. Nonetheless, the motor speed remains more stable, 
especially when compared to orifice-based circuits.

Fig. 9. Speed control circuit using a pressure compensated 
flow control valve in the main line.

In the second configuration, where flow control valves 
are positioned in the return line [5, 13], the circuit proves 
more efficient compared to the previously mentioned 
options (see Fig. 10). However, its capability to maintain 
a constant speed is compromised because the flow control 
valve, responsible only for the return flow [14], cannot 
detect changes in the main line’s flow.

Fig. 10. Circuit using a pressure compensated flow control 
valve in the return line.

By substituting the two-way pressure compensated 
flow control valve with a three-way version in the 
main line (as depicted in Fig. 11), the resulting circuit’s 
efficiency matches that of Fig. 10. Moreover, speed 
regulation improves as the valve directly controls the 
flow into the load motor.

Fig. 11. Circuit using three-way pressure compensated 
flow control valves.
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A circuit that utilises a flow control valve in the main 
line paired with an orifice in the return line (illustrated 
in Fig. 12) to modulate the motor speed has been 
implemented in agricultural and forestry machines [15]. 
This setup can sustain a steady motor speed. Nevertheless, 
the system’s pressure must be at its peak, resulting in 
significant power loss similar to the circuit in Fig. 5.

Fig. 12. Circuit using flow control valves and variable 
orifices.

For scenarios where the maximum load value is 
known, circuits with pressure compensated flow control 
valves in the main lines serve as optimal solutions for 
speed regulation. To mitigate power loss, a variable 
pressure relief valve can be integrated into the return 
line, maintaining the lowest pressure in line with the load 
demand. This configuration is illustrated in Fig. 13.

Fig. 13. Circuits using an auxiliary variable pressure relief 
valve.

From the speed control circuits analysed, those that 
employ: 1. A variable flow control valve in main line 
(Fig. 9); 2. A variable flow control valve in return line 
(Fig. 10); 3. A variable three-way flow control valve 
(Fig. 11); 4. A combination of a variable flow control 
valve and an auxiliary pressure relief valve (Fig. 13) 
appear to satisfy the system’s operational requirements.

In the Fig. 9 circuit, the pressure relief valve acts 
solely as a safety feature. Notably, this valve is already 
integrated into the hydraulic system of the tractor. 
Thus, implementing this circuit demands only a fixed 
displacement motor and a common pressure compensated 
flow control valve, both readily available at affordable 
prices. Similarly, the Fig. 10 circuit comprises the same 
hydraulic components. Setting up the Fig. 11 circuit 
necessitates a three-way flow control valve to replace 

the two-way version. Recent designs for this type of 
hydraulic valve employ electro-mechanical actuator 
mechanisms, making them more costly than standard 
flow control valves. The final circuit in Fig. 13, besides 
requiring a flow control valve, also needs an auxiliary 
pressure relief valve - a component commonly available 
in the market. 

2.5. Research approach

This article is not intended to systematically prove 
the characteristics of speed control circuits, which have 
been analysed in previous content. Instead, its focus is 
on application results, where the circuits are constructed 
using selected low-cost hydraulic components available 
on the market. The working capabilities of the proposed 
circuits are analysed using the professional hydraulic 
simulation toolbox, Simscape/Hydraulic, provided by 
Matlab/Simulink software. The simulation results help 
in deciding the most suitable circuit to deploy on real 
systems.

3. Results and discussion
The carrot harvesting machine system is powered by a 

Kubota L4508VN tractor. This tractor is equipped with an 
auxiliary hydraulic power system of 9 kW. The maximum 
flow rate of the hydraulic pump is 31.7 litres per minute, 
and the maximum hydraulic pressure is 17.7 MPa [16]. 
The collecting roller system requires an adjustable speed 
range from 300 to 500 rpm, depending on actual working 
conditions. Due to structural space limitations, the rollers 
are directly driven by the hydraulic motor without a 
reduction gearbox. Consequently, low-speed hydraulic 
motors are chosen for their high torque and efficiency.  

According to the datasheet of available hydraulic 
motors on the market [17], motor BMR50, with a 
volumetric displacement of 51.7 ml/r, is suitable. Its speed 
ranges from 10 to 775 rpm, corresponding to the flow 
rate from 0.527 to 40.06 litres per minute. This motor, 
therefore, requires a flow rate from 15.5 to 25.85 litres 
per minute for the desired speed range. This flow rate 
matches the supply value from the source pump, ensuring 
continuous speed control. The motor’s pressure, with an 
intermittent maximum of 17.5 MPa and a continuous 
maximum of 14 MPa, nearly meets the system’s pressure 
requirements.

Based on preliminary calculations, the pressure-
compensated flow control valve needs to accommodate 
a maximum flow rate of 16.2 litres per minute when 
placed in the return line (Fig. 10) and 28.85 litres per 
minute when located in the main line (Fig. 9). Based on 
the datasheet for two-way flow control valves [18], valve 
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FG-02-30-30 - adjustable for flow rates from 0.05 to 30 
litres per minute with a maximum pressure of 21 MPa - 
is suitable. Similarly, a three-way pressure-compensated 
flow control valve, EFG-02-30, is chosen for the circuit 
in Fig. 11. This valve’s flow rate ranges from 0.3 to 30 
litres per minute with a maximum pressure of 20.6 MPa. 
For the pressure relief valve in the Fig. 13 circuit, valve 
DT-02-C-22 can be used. Its regulation pressure ranges 
from 3.5 to 14 MPa with a maximum flow rate of 16 litres 
per minute. The specifications of the selected valves are 
summarised in Table 1.

Table 1. Specification of the selected hydraulic valves.

Selected valve Min. flow 
rate

Max. 
flow rate

Regulation 
pressure

Max. 
pressure

FG-02-30-30 0.05 l/min 30 l/min - 21 MPa
EFG-02-30 0.3 l/min 30 l/min - 20.6 MPa
DT-02-C-22 - 16 l/min 3.5 to 14 MPa 21 MPa

Using the machine system’s design parameters and the 
selected circuit components, circuit analysis is performed 
with the Simscape/Hydraulic toolbox. This toolbox 
offers a realistic simulation environment with a library 
of common hydraulic components. These components 
factor in the effects of hydraulic losses in the circuits, 
making model implementation straightforward. Two 
admission criteria are specified: motor speed regulation 
capability; circuit energy efficiency.;

The energy losses in circuits is defined as follows:

100v r

v

E EE
E
−

∆ =                         		   (7)

where 

0

.
t

v p pE n M dt= ∫
                        		   (8)

which denotes the input energy supplied from the tractor 
engine to the hydraulic pump during simulation time t. 
Here, the pump speed nP is assumed to be constant and 
MP stands for the torque at pump shaft. Similarly,

0

.
t

r m mE n M dt= ∫                         		   (9)

defines the output energy of the hydraulic motors. 
The two variables nm , Mm are the speed and torque of 
hydraulic motor, respectively. Defining energy loss this 
way includes all system losses such as leakage in pumps/
motors, valves, and losses in pipelines.

Technical specifications [18] for the chosen valves 
corresponding to each circuit are input into the parameter 
settings of relevant Simulink/Simscape models. The 
circuits are initially set with a fixed load torque of 40 Nm 

on the motor shaft, with the motor speed set at 400 rpm. 
To analyse the circuits under varying loads, a Gaussian 
random signal is added, with a frequency of 3 Hz, zero 
mean, and a standard deviation of 0.3. The resulting 
random load signal is displayed in Fig. 14.

Fig. 14. Random load torque applied at the motor shaft.

As can be seen from Fig. 14, the load varies over a 
broad range from 30 to 50 Nm with rapid and random 
fluctuations. The test results for the four selected circuits 
are presented in Figs. 15-18.

The plots in Fig. 15 depict changes in motor speed 
under the impact of random variation in load for the four 
analysed circuits: the first circuit (Circ. 1) uses the FG-
02-30-30 two-way pressure compensated flow control 
valve in return line (Fig. 10); the second one (Circ. 2) 
uses the EFG-02-30 three-way pressure compensated 
valve (Fig. 11); the third one (Circ. 3) exploits FG-02-
30-30 valve in main line with an auxiliary pressure relief 
valve DT-02-C-22 in return line (Fig. 13); and the fourth 
one (Circ. 4) is the conventional speed control circuit 
using FG-02-30-30 valve in main line (Fig. 9). The errors 
in motor speed compared to the set value of 400 rpm are 
summarized in Table 1. 

Fig. 15. Motor speed of the four analysed circuits.

Table 2. Summary of motor speed error.

Speed regulation error Circ. 1 Circ. 2 Circ. 3 Circ. 4

Maximum absolute error (rpm) 15.20 7.45 8.55 7.48

Relative error (%) 3.8 1.9 2.1 1.9

Time (second)
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From the results in Table 2, it’s evident that the second 
and fourth circuits are the optimal solutions for motor 
speed regulation with a minor relative error of 1.9%. 
Meanwhile, the third circuit maintains the error within 
2.1%, and the first circuit has a maximum error of 3.8%.

Fig. 16. Mechanical power consumption of the circuits.

Figure 16 illustrates the power sourced from the 
tractor engine to the circuits. The third and fourth circuits 
employ flow control valves in the main line. In the fourth 
circuit, system pressure consistently reaches its peak, 
leading to a maximum power consumption of 13 kW. The 
third circuit features an auxiliary pressure relief valve, 
thereby allowing for significant power conservation when 
compared to the fourth one. The first circuit, with its flow 
control valve in the return line, demands the least input 
power, followed by the second circuit, which employs a 
three-way flow control valve.

Fig. 17. Mechanical output power of the circuits.

Figure 17 showcases the mechanical power measured 
at the motor shaft. Given the minor differences in motor 
speed amongst the circuits, their output powers are 
relatively similar, hovering around 1.7 kW.

The energy efficiency of each circuit is determined 
by the ratio of input to output powers. As these figures 
fluctuate with the load, energy efficiency metrics adjust 
accordingly. Using Eqs. (7-9), the average values of 
efficiency are determined based on input and output 
energy computations. Fig. 18 provides insights into the 
percentage of energy losses for each circuit. 

Fig. 18. Energy losses in the analysed circuits.

From Fig. 18, it’s clear that the fourth circuit, with the 
FG-02-30-30 valve in the main line, incurs the highest 
energy loss at 88%. The third circuit, equipped with an 
auxiliary pressure relief valve, reduces energy loss to 
73% for the given load. The second circuit, utilising the 
EFG-02-30 three-way flow control valve, sees a loss of 
64%. Impressively, the first circuit, with the FG-02-30-30 
in the return line, records the lowest energy loss at around 
61%. Comparison criteria are presented in Table 3.

Table 3. Summary of comparison criteria.

Comparison criteria Circ. 1 Circ. 2 Circ. 3 Circ. 4

Relative speed error (%) 3.8 1.9 2.1 1.9

Energy loss (%) 61 64 73 88

Component cost (estimated level) 1 3 2 1

Upon evaluating the comparison criteria, decisions 
regarding the most viable speed control circuit for 
practical application can be made. Clearly, the second and 
fourth circuits excel in speed regulation. However, the 
fourth circuit’s high energy loss and the second circuit’s 
elevated component cost render them less appealing. 
The third circuit, marked by significant energy loss, 
high cost, and large error, is also less than ideal. The first 
circuit emerges as the preferred option due to its cost-
effectiveness, minimal energy loss, and a manageable 
error of 3.8% - well within an acceptable range.

4. Conclusions
This paper has delved into the functionality and 

efficiency of four distinct options for the speed regulation 
hydraulic circuit in a carrot collecting machine, specifically 
examining energy loss and implementation costs. Of the 
four circuits, Circs. 2-4 are conventional and frequently 
employed in hydraulic drive systems. Conversely, Circ. 
1 represents a novel arrangement in which the pressure-
compensated flow control valve is positioned in the 
return line, parallel to the hydraulic motor. With an aim 
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towards genuine working conditions, these circuits were 
tested under fluctuating loads imposed on the hydraulic 
motor. Subsequently, their speed regulation functionality 
and energy efficiency were critically examined.

The simulation tests, conducted using real component 
parameters, offer a dependable analysis, underlining 
the proficiency and adequacy of each circuit in meeting 
system operational demands. It’s clear from the findings 
that there isn’t a singular, ‘one-size-fits-all’ solution 
for the speed control circuit; different contexts demand 
different compromises among the selection criteria.

From this standpoint, the first circuit - deploying the 
FG-02-30-30 pressure-compensated flow control valve 
in the return line (Fig. 10) - emerges as a favoured choice. 
Its strengths lie in its cost-effective implementation and 
diminished energy loss. These benefits translate into 
better fuel economy and a reduced burden on the cooling 
system, rendering it particularly advantageous for use in 
a carrot collecting machine. 
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1. Introduction

The presence of heavy metal ions such as lead, 
nickel, cadmium, chromium, arsenic, etc. in industrial 
effluents poses a significant threat to human health 
and the environment [1]. These ions easily accumulate 
in living organisms through the food chain and cause 
various diseases and metabolic disorders because of their 
high toxicity and non-degradability in the ecosystem 
[2, 3]. However, their use cannot be avoided because of 
their necessity in industries such as tanneries, batteries, 
electronics, dyeing, textile mills, etc. [4]. 

Various methods are used to remove heavy metal 
ions from industrial effluents, such as precipitation, 
membrane filtration, ion-exchange processes, reverse 
osmosis methods, and adsorption. Among these methods, 
adsorption is considered a simple and effective treatment 
method. Many adsorbents have been successfully studied 
for heavy metal ion adsorption, such as activated carbon 
[5], activated agricultural waste materials [6], and 
biopolymer materials such as cellulose [7] and chitosan 
[8], whether natural or modified, due to their high 

mechanical strength, chemical stability, large adsorption 
capacity, abundance of synthetic materials, low cost, and 
high reversibility. 

In recent years, there has been a trend of using low-
cost, highly biodegradable agricultural waste materials 
[6] such as rice husks, peanut shells, fruit shells, sawdust, 
bagasse, etc. to limit the emission of agricultural waste 
after harvest. Peanut shells are one of the most abundant 
agricultural by-products in Vietnam. The main chemical 
components of peanut shells include cellulose (40-
45%), hemicellulose (<14%), lignin (26-28%), and other 
components. Therefore, extracting cellulose from peanut 
shells is also quite attractive [9, 10]. 

Cellulose is a biodegradable natural polymer 
composed of thousands of D-glucose units linked 
β-(1→4) with hydrogen bonding between parallel chains. 
Cellulose contains many mobile hydroxyl functional 
groups that easily combine with heavy metal ions and 
organic pigments [8, 9]. Similarly, chitosan, a linear 
polysaccharide containing many β -(1-4) D-glucosamine 
units, possesses both amine and hydroxyl functional 
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groups. These functional groups act as the main 
complexing agents with metal cations and other agents, 
making chitosan have a high adsorption capacity for 
heavy metal ions [11, 12]. Additionally, chitosan is a 
biodegradable polymer and is also considered as a good 
candidate to modify cellulose [13, 14]. 

Prior to modification, cellulose can be partly oxidized 
from the hydroxyl functional group, such as the CH2-OH 
group in the cellulose structure, to the carboxyl functional 
group to improve its ability to bind with modifying agents. 
TEMPO and ammonium persulfate are two oxidizing 
agents frequently used for the mild oxidation of cellulose 
to introduce carboxyl functional groups on the surface of 
cellulose. Ammonium persulfate is a cost-effective and 
environmentally friendly oxidizing agent because of its 
nontoxicity and mild oxidation conditions. The bond of 
–O–O– in ammonium persulfate is unstable and readily 
decomposed into hydrogen peroxide (H2O2) and a radical 
(SO4

-*), which has a strong oxidizing capacity to produce 
cellulose containing carboxyl groups directly from the 
raw materials of cellulose [15-17]. The mild oxidation 
of the CH2OH group to the COOH group in the cellulose 
structure increases the association with denaturing agents 
to increase the adsorption properties and durability of 
cellulose. 

For cellulose/chitosan material, cellulose combines 
with chitosan through hydrogen bonding between 
hydroxyl groups of cellulose and chitosan, as well as 
the electrostatic interaction between the negatively 
charged carboxylic group of the cellulose matrix and the 
positively protonated amine of the chitosan solution in 
acetic acid [16, 18].

This study presents the nickel adsorption capacity 
of chitosan-modified cellulose material. Cellulose is 
prepared from peanut shells by alkaline hydrolysis to 
completely remove lignin, bleached with H2O2, and 
then mild oxidized by ammonium persulfate agent to 
introduce carboxylic groups, and finally modified with 
chitosan under suitable experimental conditions. Peanut 
shells are lignocellulosic materials composed of cellulose 
(44.8%), hemicellulose (5.6%), and lignin (36.1%) 
with a complex fibrous structure. The nickel adsorption 
capacity of chitosan-modified cellulose material was 
evaluated by changing the contact time and pH of the 
solution. Additionally, isothermal adsorption models and 
kinetic models were investigated.

2. Materials and methods

2.1. Chemicals

Nickel sulphate salt (NiSO4.6H2O), dimethylglyoxime 
(C4H8N2O2), chitosan, ammonium persulfate 
((NH4)2S2O8), sodium hydroxide (NaOH solid and NaOH 
0.02 N), acid acetic (CH3COOH), sodium hydrogen 
carbonate (NaHCO3 0.02 N), and hydrochloric acid (HCl) 
possessed greater than 98% purity and were imported 
from China. Peanut shells were provided from the region 
of North Vietnam.

2.2. Preparation of adsorbent

Peanut shells were crushed to sizes in the range of 
0.1-0.2 mm. Peanut shell powders were hydrolysed in 
an alkaline solution with 5% sodium hydroxide solution 
and bleached with 5% hydrogen peroxide solution to 
completely remove lignin. Next, the solid was mildly 
oxidized by ammonium persulfate with a ratio of 1 g/50 
ml (peanut shell (g)/ammonium persulfate solution 0.1 
M (ml)), by mechanically stirring for 5 h at a temperature 
of 70oC (denoted as APS-VL) [16, 17]. Finally, the APS-
VL sample (2 g) was modified with chitosan solution by 
impregnation. The chitosan solution was prepared by 
dissolving 0.35 g of chitosan in 60 ml of 1% acetic acid 
and mechanically stirred for 3 h. The modifying ratio 
was equal to 15 wt.% chitosan. The obtained sample 
was denoted as CTS-APS-VL. The impregnation method 
was carried out three times. After each impregnation, the 
CTS-APS-VL sample was dried at 60oC for 4 h. Then, 
the temperature was raised to 100oC for 3 h to increase 
the interaction between the surface functional groups of 
chitosan and the APS-VL sample.

2.3. Characterisation of adsorbent

Amounts of functional groups: The amounts of 
hydroxyl and carboxyl functional groups on the surface 
of the APS-VL and CTS-APS-VL samples were 
determined by Boehm titration. The Boehm agents used 
were 0.02 N NaOH solution to determine amount of 
hydroxyl functional group and 0.02 N NaHCO3 solution 
to determine amount of carboxyl functional group. 

Briefly, 0.5 g of adsorbent was added to 50 ml of 
Boehm agents and then mechanically stirred (150 rpm) 
for 24 h at room temperature. After the neutral reaction, 
the solutions were titrated with standardized aqueous HCl 
(0.02 M) until the end point of phenolphthalein. For 10 
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ml of solution titrated with 0.02 M HCl, the concentration 
of hydroxyl and carboxyl functional groups can be 
calculated as follows, respectively:
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to titrate 50 ml of the initial NaOH solution before the 
neutralization reaction and 10 ml of the NaOH solution 
after the neutralization reaction, respectively; CHCl is the 
concentration of HCl solution. Also; V02

HCl and V2
HCl are 

the volumes of 0.02 HCl used to titrate 50 ml of the initial 
NaHCO3 solution before the neutralization reaction and 
10 ml of the NaHCO3 solution after the neutralization 
reaction, respectively.

Point of zero charge (PZC): Eight solutions of 0.1 
M NaCl with different initial pHi values in the range 
of 3 and 11 were prepared by adjusting the pH of the 
solutions using 0.1 M HCl and NaOH. A 0.1-g dosage 
of the CTS-VL-APS sample was added to 50.0 ml 
of  the 0.1 M NaCl solutions with different initial pHi 
values and mechanically stirred (150 rpm) for 24 h at 
room temperature. Then, the equilibrium pHj values were 
measured using a pH meter to calculate the pHPZC value.

EDX analysis: The CTS-APS-VL sample loaded with 
nickel ions was analysed on an SEM-EDX spectrometer 
(UV 2600 Shimadzu Instruments) and X-flash 6100 
detector to detect the presence of nickel on the surface of 
the as-prepared sample.

2.4. Methods

The nickel adsorption process was carried out through 
batch adsorption studies at room temperature. Briefly, 0.4 
g of adsorbent was added to 200 ml of nickel solution at a 
suitable concentration and pH value. After adsorption, the 
nickel solution was removed to determine the remaining 
concentration by UV-Vis absorption spectroscopy. The 
contact time (t) was varied from 10 to 140 min. The effect 
of pH value of the nickel solution was measured from 3.2 
to 8.0. The pH value of the nickel solution must be lower 
than pH 8.0 to avoid the formation of hydrolysed species 
and precipitation. Additionally, the initial concentration 
of nickel solutions was changed from 20 to 120 ppm. All 
other conditions unrelated to the present survey remained 
constant. 

The UV-vis absorption spectra and the standard 
curve of the complex between nickel solution and 
dimethylglyoxime at 470 nm are displayed in Figs. 1 and 
2, respectively.

Metal ions adsorption capacity of the adsorbents at 
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and contact time, respectively. V is the volume (L) of 
the heavy metal solution and m is the mass (g) of the 
adsorbents. 

Adsorption Kinetics: Pseudo-first-order and pseudo-
second-order models in linearized form were applied to 
the adsorption kinetic data as follows [19-20]: Pseudo-
first-order model in linearised form: 

ln(qe1 - qt) = lnqe1 – k1.t   	   (5)

Pseudo-second-order model in linearised form:
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Fig. 1. UV-vis absorption spectrum of 

the complex between nickel and 

dimethylglyoxime at 470 nm. 

Fig. 2. Standard curve equation of the 

complex between nickel and 

dimethylglyoxime at 470 nm. 

Metal ions adsorption capacity of the adsorbents at equilibration time (qe) and at 

arbitrary time t (qt) was calculated according to the following equations: 
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m                      (4) 
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where the adsorption capacities for the pseudo-first-order 
model and pseudo-second-order model at equilibria and 
time t are denoted by qe1, qe2, and qt, respectively, while 
k1 and k2 are the pseudo-first-order and pseudo-second-
order rate constants, respectively.

Equilibrium isotherm modelling: The most common 
types of models describing equilibrium isotherms are the 
Langmuir, Freundlich, and Temkin isotherms [19, 20].

The Langmuir isotherm model in linearized form is 
expressed as:
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where qe exp is the experimental metal concentration at 
equilibrium; qe cal is the calculated metal concentration at 
equilibrium. The best fit is interpreted as the one with 
the highest correlation coefficient and lowest chi-squared 
value.

3. Results and discussion
3.1. Characterisation of adsorbent

Amount of functional groups: Table 1 shows the results 
of the functional group dosage experiments according to 
the Boehm titration method.

Table 1. The functional group dosage according to the 
Boehm titration method.

Sample
Hydroxyl group 
dosage (mmol/g)

Carboxyl group 
dosage (mmol/g)

APS-VL 1.41 0.55

CTS-APS-VL 2.15 0.26

From Table 1, the APS-VL sample possessed 1.41 
mmol/g of hydroxyl groups, which were determined by 
neutralising with 0.02 N NaOH solution. The carboxyl 
group dosage was found to be 0.55 mmol/g, which was 
determined by neutralizing with 0.02 N NaHCO3 solution.  
The presence of the carboxyl functional group in the 
cellulose structure after mild oxidation by ammonium 
persulfate (APS-VL sample) can be explained by the 
fact that the bond of –O–O– in ammonium persulfate is 
unstable and readily decomposes into hydrogen peroxide 
(H2O2) and radicals (e.g., HO* and SO4

-*). After that, these 
radicals oxidize the hydroxyl groups at the C-6 position 
in the cellulose structure into carboxyl groups [15-17].

When cellulose was modified by chitosan at a weight 
ratio of 15% (CTS-APS-VL), the hydroxyl groups in 
the CTS-APS-VL sample increased to 2.15 mmol/g. 
This increase could be due to the presence hydroxyl 
functional groups in the structure of chitosan. However, 
the carboxyl groups in the CTS-APS-VL sample slightly 
decreased to 0.26 mmol/g due to the combination of a 
portion of the carboxyl groups on the surface of cellulose 
with the amine functional groups on chitosan via the 
electrostatic interaction between the negatively charged 
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surfaces of carboxylic groups in the cellulose matrix and 
the positively protonated amines in the chitosan solution 
in acetic acid [16, 18]. It is known that the hydroxyl and 
carboxyl functional groups in the adsorbent may donate 
protons and become deprotonated groups (C-O- and 
COO- ), which are involved in coordination with nickel 
ions, resulting in an increase in the adsorption of the 
nickel ions [21]. 

Point of zero charge (PZC): The point of zero charge 
(PZC) parameter is used to assess the surface properties 
of an adsorbent. The pH of the solution required to yield 
a net zero surface charge is denoted by pHPZC. Therefore, 
the surface of an adsorbent has a net positive surface 
charge at pH<pHPZC, while it has a net negative surface 
charge at pH>pHPZC. Fig. 3 displays the plot of  H = pHi - 
pHj vs pHi to calculate the pHPZC value.

Fig. 3. The plot of  H = pHi - pHj vs pHi  of the CTS-APS-VL 
sample.

From Fig. 3, the pHPZC value of the CTS-APS-VL 
sample was determined to be 6.0. At pH<6 the surface of 
the material is positively charged due to protonation of 
the hydroxyl and carboxyl functional groups, while it is 
negatively charged at pH>6 as a result of  deprotonation. 
At pH>6, the material favours metal cation adsorption. 
Therefore, the pHPZC value for the CTS-APS-VL sample 
indicates that the adsorption of nickel ions will occur at 
pH≥6.0.

EDX spectroscopy: The EDX spectroscopy clearly 
shows that nickel ions are adsorbed onto the chitosan-
modified peanut shell (as shown Fig. 4). From EDX 
analysis, the nickel content was found to be about 5.7 
wt.%, indicating the successful adsorption of nickel on 
cellulose from chitosan-modified peanut shells.

Fig. 4. EDX spectroscopy of CTS-APS-VL loaded with 
nickel.

3.2. Nickel adsorption capacity of chitosan-modified 
peanut shell 

Figure 5 shows the nickel adsorption capacity of 
cellulose from chitosan-modified peanut shells at 
different times. 

Fig. 5. Nickel adsorption capacity of the APS-VL and CTS-
APS-VL samples using 200 ml of nickel solution with an 
initial concentration of 80 ppm at pH 7.0, and 0.4 g of 
adsorbent over an adsorption period of 10-140 min.

The experimental data showed that the nickel 
adsorption capacity increased as the adsorption time 
increased from 10 to 60 min, and it reached equilibrium 
after 90 min. In the as-prepared samples, the hydroxyl and 
carboxyl functional groups played a major role in nickel 
adsorption. The adsorption of nickel ions on the surface 
of the as-prepared samples was accomplished through 
physical processes including both weak electrostatic 
interaction and Van der Waals forces, or through the 
formation of complexation between the nickel ion 
and carboxyl and hydroxyl anion on the surface of as-
prepared materials. 
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The adsorption capacities at equilibrium time (qe 
in mg/g) of the APS-VL and CTS-APS-VL samples 
were found to be 11.10 and 16.90 mg/g, respectively. 
Therefore, the nickel adsorption capacity of the CTS-
APS-VL sample was higher than that of the APS-VL 
sample. Furthermore, the amount of hydroxyl groups in 
the CTS-APS-VL sample was higher than that of APS-
VL and the amount of carboxyl groups in CTS-APS-VL 
was lower than that of APS-VL. This result suggests that 
the presence of hydroxyl groups is the main agent for 
adsorbing nickel ions onto the CTS-APS-VL sample.

Similar to adsorption time, the pH of the working 
solution has a strong influence on the adsorption capacity 
of metal ions by affecting surface charge density of the 
adsorbent (dissociation of oxygen containing functional 
groups) and the degree of ionization and state of heavy 
metal ion species in the solution. In this study, nickel 
adsorption was investigated in the pH range of 3.2-8.0. 
The obtained results are depicted in Fig. 6.

Fig. 6. Effect of pH on the adsorption of nickel (II) onto the 
CTS-APS-VL sample with 200 ml of nickel solution with an 
initial concentration of 80 ppm, 0.4 g of adsorbent, and an 
adsorption time 90 min in pH range of 3.2-8.0.

As depicted in Fig. 6, the nickel adsorption capacity 
(in terms of percent efficiency) increased with increasing 
solution pH. A maximum adsorption efficiency of about 
81.05% occurred at pH 7.0 and 8.0, and the adsorption 
capacity at equilibrium time (qe in mg/g) of the APS-VL 
sample was 16.90 mg/g. The minimum nickel adsorption 
efficiency of 35.98% at pH 3.2 may be due to the high 
concentration and high mobility of H+ ions. Thus, the 
hydrogen ions are preferentially adsorbed rather than the 
metal ions (e.g., nickel ions). At higher pH values, the 
nickel adsorption efficiency was enhanced because the 

hydrogen ions were less preferentially adsorbed than the 
metal ions due to the lower number of H+. On the other 
hand, the pHPZC of the CTS-APS-VL sample and different 
species of nickel ions in the solution could be used to 
describe how the pH of the solution affects the adsorption 
capacity of CTA-APS-VL. The point of zero charge 
(pHpzc) of the CTS-APS-VL sample was determined 
to be 6.0 (as shown in Fig. 3), and the nickel solution 
comprises nickel species with different coordination 
numbers such as Ni2+, Ni(OH)+, and Ni(OH)2 in a pH 
range of 3.2 to 8.0. These species are adsorbed onto the 
surface of CTS-APS-VL by an ion exchange mechanism 
with the functional groups present in CTS-APS-VL or by 
hydrogen bonding, as shown below: 

Ion exchange: 

2(–ROH) + Ni2+ → 2(RO)Ni + 2H+ –ROH + Ni(OH)+ 
→ (–RO) Ni(OH) + H+

Hydrogen bonding: 

2(–ROH) + Ni(OH)2 → (–ROH)2 + Ni(OH)2

where R represents the matrix of CTS-APS-VL.

At a low pH of 3.2, the surface of CTS-APS-VL is 
positively charged due to protonation of the hydroxyl and 
carboxyl functional groups and unfavourable conditions 
for the adsorption of the Ni2+ and Ni(OH)+ species. As 
the pH solution increased, the surface of CTS-APS-VL 
became less positive and therefore electrostatic attraction 
between the Ni2+ and Ni(OH)+ species and the surface 
groups likely increased. 

In this study, the pH value of each metal ion solution 
had to be lower than 8 to prevent the formation of 
hydrolysed species and precipitation. If the pH value 
exceeds 8,  the adsorption mechanism changes, affecting 
the efficiency of the adsorption. 

3.3. Adsorption kinetics

In order to understand the kinetics of nickel adsorption 
using cellulose from chitosan-modified peanut shells as 
an adsorbent, pseudo-first-order and pseudo-second-order 
kinetic models were tested with the experimental data.

Pseudo-first-order model: The pseudo-first-order 
model in linearized form is expressed in Eq. (3). The rate 
constant, k1, was calculated from the slope and intercept 
of the plot of log(qe-qt) vs time (as shown in Fig. 7). The 
equilibrium adsorption capacity (qe) calculated from Eq. 
(3) is referred to as the calculated value of equilibrium 
adsorption capacity (qe(TT)).

	          pH 3.2  pH 4.2    pH 5.8    pH 7.0    pH 8.0
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Fig. 7. Linear plot of log(qe-qt) vs t of nickel adsorption onto 
the CTS-APS -VL sample with 200 ml of nickel solution 
with an initial concentration of 80 ppm, pH 7.0, 0.4 g of 
adsorbent, and a range of adsorption time of 10-60 min.

As shown in Fig. 7, the rate constant k1 was determined 
to be 0.077 min-1. It is also possible to calculate the 
equilibrium adsorption capacity, which was found 
to be 6.06 mg/g (denoted qe cal). In fact, the calculated 
equilibrium adsorption capacity, qecal, should be in 
accordance with the experimental adsorption capacity 
qe exp [19, 20]. Although the correlation coefficient values 
(R2) are very high, the calculated ones, obtained from 
the linear plots (Table 2), did not agree with experiment 

(qe exp =16.90 mg/g). This suggests that nickel adsorption 
does not follow pseudo-first-order kinetics. 

Table 2. Kinetic parameters for nickel adsorption on 
cellulose from chitosan-modified peanut shells.

Kinetic models Parameters

Pseudo-first-order model

k1 (min-1) 0.077

qe cal (mg/g) 6.06

R2 0.975

Pseudo-second-order model

k2 (g/(mg x min) 0.024

qe cal (mg/g) 17.54

R2 0.999

Pseudo-second-order model: The nickel adsorption 
kinetic data can also be described by pseudo-second-
order model, which is expressed in Eq. (4).

The pseudo-second-order rate constant, k2, and qe cal 
values were calculated from the slope and intercept of 

the plots t/q vs. t (as shown in Fig. 8). The rate constant, 
k2, was 0.024 g/(mg.min). The calculated equilibrium 
adsorption capacity (qe cal) was 17.54 mg/g.  Therefore, 
the calculated qe values agreed well with experimental 
qe values (Table 2), thus the pseudo-second-order kinetic 
model well described the nickel adsorption kinetic data.  

Fig. 8. Linear plot of t/qt vs t of nickel adsorption onto the 
CTS-APS-VL sample with 200 ml of nickel solution with 
an initial concentration of 80 ppm, a pH of 7.0, 0.4 g of 
adsorbent, and an adsorption period of 10-90 min.

3.4. Adsorption isotherms

Adsorption isotherms indicate how adsorbates interact 
with adsorbents and how equilibrium is established 
between adsorbed metal ions on the adsorbent. The 
maximum adsorption capacity is determined by 
equilibrium isotherms. The most common types of models 
are the Langmuir, Freundlich, and Temkin isotherms.

Langmuir isotherm model: The Langmuir isotherm 
assumes a monolayer of adsorbates covering a 
homogeneous adsorbent surface. This suggests that once 
an adsorbate occupies an available adsorption site, no 
further adsorption can take place at that site. Additionally, 
the adsorption activation energy is assumed to be equal 
for each molecule that adsorbs onto the surface. 

Figure 9 presents a linear plot of Ce/qe vs Ce for the 
experimental adsorption isotherm of nickel ions on 
chitosan-modified peanut shells at room temperature. The 
Langmuir isotherm constant and correlation coefficients 
are given in Table 3, with a maximum monolayer 
adsorption capacity (qm) for nickel removal of 25.70 
mg/g.

   
   

   
   

   
   

 t/
q t
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Fig. 9.  Linear plot of Ce/qe vs Ce for nickel adsorption onto 
the CTS-APS -VL sample with 200 ml of nickel solution 
over a range of initial concentrations (20-120 ppm), pH 
of 7.0, equilibrium adsorption time of 90 min, and 0.4 g of 
adsorbent.

Table 3. Adsorption isotherm parameters.

Isotherm model Parameters Non-linear equation

Langmuir model

qm=25.70 mg/g

KL=0.09 l/mg

R2=0.990

χ2=0.234

15 
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occupies an available adsorption site, no further adsorption can take place at that site. 

Additionally, the adsorption activation energy is assumed to be equal for each molecule 
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monolayer adsorption capacity (qm) for nickel removal of 25.70 mg/g. 
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Freundlich isotherm model: Unlike the Langmuir isotherm model, the Freundlich 

isotherm model assumes that the adsorption process occurs in multilayers, where each 

adsorption centre can adsorb more than one adsorbed molecule.  
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isotherm of nickel ions on the CTS-APS-VL sample at room temperature. 

The Freundlich adsorption constants, evaluated from the isotherms, with correlation 
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Temkin isotherm model: The Temkin isotherm model is concerned with the 
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Freundlich isotherm model: Unlike the Langmuir 
isotherm model, the Freundlich isotherm model assumes 
that the adsorption process occurs in multilayers, where 
each adsorption centre can adsorb more than one adsorbed 
molecule. 

Figure 10 shows the linear plot of log(qe) vs. log(Ce) 
for the experimental adsorption isotherm of nickel ions 
on the CTS-APS-VL sample at room temperature.

The Freundlich adsorption constants, evaluated from 
the isotherms, with correlation coefficients and are listed 
in Table 3. 

Fig. 10.  Linear plot of log(qe) vs. log(Ce) of nickel adsorption 
onto the CTS-APS-VL sample with 200 ml of nickel solution 
over a range of initial concentrations of 20-120 ppm, pH 
7.0, equilibrium adsorption time of 90 min, and 0.4 g of 
adsorbent.

Temkin isotherm model: The Temkin isotherm model 
is concerned with the influence of adsorbent-adsorbent 
interaction on the adsorption equilibrium. The model 
assumes that the adsorption heat (as a function of 
temperature) of all adsorbents in a layer will decrease 
linearly, rather than logarithmically, with increasing 
surface coverage. 

Figure 11 shows a linear plot of qe vs ln(Ce) of the 
experimental adsorption isotherm of nickel ions on 
modified peanut shells at room temperature. 

Fig. 11. The linear plot of qe vs ln(Ce) onto the CTS-APS-
VL sample with 200 ml of nickel solution over a range of 
initial concentrations of 20-120 ppm, pH 7.0, an equilibrium 
adsorption time of 90 min, and 0.4 g of adsorbent.

The Temkin adsorption constant was calculated to be 
0.45 kJ/mol, which is lower than 8 kJ/mol. Therefore, it 
can be assumed that the interaction between nickel ions 
and the surface of the as-prepared adsorbent was weak.
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As shown in Table 3, the values of R2 and indicate that 
the Langmuir and Temkin isotherm models exhibited a 
better fit than the Freundlich model for nickel adsorption. 
The lower the value, the better the fit of the line to the 
data, and the higher the R2 value, the better the fit.

Table 4 displays a comparison of the maximum 
adsorption capacity of nickel onto various modified 
agro-wastes. CTS-AP-VL was found to have a relatively 
large adsorption capacity, and this indicates that it is a 
promising material for the removal of metal ions from 
aqueous solutions.

Table 4. Comparison of maximum adsorption capacity of 
nickel onto other agro-wastes.

Materials
Maximum sorption 
capacity (mg/g)

References

Chemically Treated Mahogany 
Sawdust

13.42 [21]

Chemically modified orange peel 162.6 [20]

Phthalate-functionalized 
sugarcane bagasse

53.94 [22]

Na2CO3-modified Miller leaf 
powder

28.98 [23]

HCl modified meranti sawdust 35.97 [24]

CTS-APS-VL 25.70 This study

4. Conclusions
The cellulose isolated from chitosan-modified peanut 

shells (CTS-APS-VL) showed better adsorption capacity 
compared to cellulose isolated from peanut shells (APS-
VL) under the same experimental conditions. The 
adsorption capacity at equilibrium time (qe in mg/g) of 
the APS-VL and CTS-APS-VL samples were found to be 
11.10 and 16.90 mg/g, respectively, at an adsorption time 
of 90 min, initial nickel concentration of 80 ppm, volume 
of 200 ml, and adsorbent mass of 0.4 g. The pseudo-
second-order kinetics model was better suited to the data 
than the pseudo-first-order model. The rate constant, k2, 
was determined to be 0.024 (g/(mg.min)). The calculated 
equilibrium adsorption capacity (qe cal) was 17.54 mg/g. 
The Langmuir and Temkin isotherm models showed 
slightly better results than the Freundlich model for the 
as-prepared material, indicating monolayer coverage. 
According to the Langmuir model, the maximum 
monolayer adsorption capacity (qm) for nickel removal 
was 25.70 mg/g. The Temkin adsorption constant was 
calculated as 0.45 kJ/mol and it can be assumed that the 
interaction between the nickel ions and the surface of the 
as-prepared adsorbent was weak.
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1. Introduction
After being discovered and initially published by 

Paul Walden in 1914, numerous reports have explored 
the properties and applications of ionic liquids in 
various fields. Nowadays, ionic liquids are recognised 
as environmentally friendly solvents and catalysts 
in organic synthesis [1]. In comparison to traditional 
volatile organic solvents, ionic liquids offer increased 
safety during synthetic procedures due to their low 
vapour pressure and recyclability [2]. The solubility of 
ionic liquids can be tailored by designing specific ions. In 
many instances, ionic liquids have proven to be efficient 
catalysts in various reactions [3, 4]. A notable feature 
of ionic liquids is their ease of preparation, with the 
availability of various active sites, such as basic properties 
(-OH, -NH2...), Brønsted or Lewis acidic properties 

(-SO3H, -COOH, or AlxCly, ZnxCly...). Particularly, a 
novel type of acidic ionic liquid containing both Lewis 
and Brønsted acidic groups in its structure has garnered 
significant attention. These task-specific ionic liquids are 
considered environmentally friendly and hold potential 
in many catalytic processes that require the presence of 
both Brønsted and Lewis acidic sites [5]. 

Currently, the one-pot multicomponent reaction 
carried out under green conditions has become a popular 
and sustainable trend in organic synthesis. One-pot three-
component reactions, referred to as convergent chemical 
approaches, are rapid and efficient methods in organic 
synthesis due to their high levels of atom efficiency 
[6, 7]. The advantages of multicomponent reactions 
include cost-effectiveness, high selectivity, good yields, 
and time savings [8, 9]. Moreover, multicomponent 
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reactions have garnered attention from chemists for 
their ability to minimize steps and reduce waste in 
experiments. The three-component transformation 
is the preferred choice and is applied across a wide 
range of organic reactions, such as the synthesis of 
polyhydroquinoline [10], dihydropyrimidinones [11], 
1-(α-aminoalkyl)-2-naphthols [12], and 1,3-thiazole 
derivatives [13], as well as pyranopyrazole and 
pyranopyrimidine derivatives [14]. Additionally, pseudo-
six-components have been employed in the synthesis of 
tetrahydrodipyrazolopyridines [15]. 

Pyran is a six-membered heterocyclic compound 
containing oxygen, and it serves as a valuable building 
block in many organic compounds. Chromene, also 
known as benzopyran, is a crucial subgroup in these 
heterocyclic derivatives and is categorised into chroman, 
2H-chromene, and 4H-chromene, which are commonly 
observed frameworks in numerous complex natural 
products [16]. Benzopyrans are described as fundamental 
structural units found in polyphenols and are explored in 
alkaloids, tocopherols, flavonoids, and anthocyanins [17]. 
Due to their significant biological and pharmacological 
activities, including antibacterial, antitumor, antiallergic, 
antibiotic, anticancer, antitubercular, antimicrobial, 
anti-coagulant, antibiotic, and hypolipidemic properties 
[18-23], benzopyrans have found extensive use in 
the pharmaceutical industry. Given the attractive 
bioactivity of benzopyrans, various synthetic protocols 
for pyrans have been published [24]. The most widely 
adopted method for preparing benzopyrans involves 
a three-component reaction of 5,5-dimethyl-1,3-
cyclohexanedione, an aldehyde, and dicyanomethane, 
which undergoes Knoevenagel condensation and Michael 
addition reactions [24]. A wide range of homogeneous 
catalysts have been investigated for this reaction, 
including boric acid [25], ammonium acetate [26], 
potassium phosphate [27], MgO [28], K2CO3 [29], CeCl3.
H2O [30], Mg(ClO4)2 [31], DBU [32], triethylamine [33], 
iodine [34], and methane sulfonic acid [35]. However, a 
drawback of these methods is the difficulty of separating 
the catalysts from the reaction mixture. To address these 
issues, heterogeneous or solid catalysts, such as amino-
functionalized silica gel [36], SiO2-Pr-SO3H [37], NMPs-
PhSO3H [38], CeO2 [39], CuO-CeO2 nanocomposite [40], 
CeO2-Al2O3 nanocomposite [41], Ni0.5Zn0.5Fe2O4@HA-
PRS [42], and CeMgxZr1-xO2 [43], have been prepared and 
applied in this reaction. Nevertheless, other limitations 
include the use of volatile organic solvents and the high 
cost of these catalysts. 

Recently, ionic liquids have emerged as potential 
catalysts for this transformation due to their high 
efficiency and recyclability. 1-Butyl-3-methyl 
imidazolium hydroxide was employed as an efficient 
homogeneous catalyst in the synthesis of substituted 
2-amino-2-chromenes by K. Gong, et al. (2008) [44]. 
This condensation reaction involving malononitrile, 
aldehydes, and naphthols was conducted in aqueous 
media. M.N. Elinson, et al. (2015) [24] reported a three-
component reaction of benzaldehydes, 5,5-dimethyl-
1,3-cyclohexanedione, and dicyanomethane using 
1-butyl-4-methylimidazolium tetrafluoroborate as 
the catalyst. Subsequently, A.R.M. Zare, et al. (2014) 
[45] synthesised tetrahydrobenzo[b]-pyrans through 
Knoevenagel-Michael cyclocondensation, employing 
(1-carboxymethyl-3-methylimidazolium bromide 
ionic liquid as an efficient catalyst under solvent-free 
conditions. Another acidic ionic liquid catalyst utilised 
in the preparation of 2-amino-4H-chromene derivatives 
was Li(OHCH2CH2NH2)(CF3OAC). E.A. Gilandeh, et al. 
(2014) [46] demonstrated that this ionic liquid efficiently 
catalysed the cyclisation of aldehydes, malononitrile, 
and various enol compounds. A green synthetic route 
for 2-amino-4H-chromene using a basic ionic liquid in 
water was reported by V.P. Pagore, et al. (2015) [47]. 
The condensation reactions occurred in the presence 
of 1-ethyl-3-methyl imidazolium hydroxide under 
microwave irradiation, resulting in high yields [47]. 
2-(2-Hydroxyethoxy)ethaneammonium formate ionic 
liquid was described as an ammonium-type basic catalyst 
for synthesising various derivatives of chromenes with 
excellent yields [48]. To enhance the recycling capability 
of the catalyst, N-propyl-imidazolium hydrogen sulfate 
was grafted onto the surface of silica by K. Niknam, et 
al. (2013) [49]. The synthesis of 3,4-dihydropyrano[c]-
chromenes was effectively carried out under solvent-
free conditions. Similarly, a newly supported ionic 
liquid (HAP-Pd-[BMIM][OH]) was found to be an 
efficient heterogeneous catalyst in the multicomponent 
cyclocondensation of 2-amino-4H-chromenes by 
P. Sharma, et al. (2016) [50]. In this study, a new 
environmentally friendly synthetic method for benzopyran 
compounds was developed through the condensation of 
three substrates, namely benzaldehydes, 5,5-dimethyl-
1,3-cyclohexanedione, and dicyanomethane, in the 
presence of an ionic liquid containing Brønsted-Lewis 
acidic sites as a catalyst.
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2. Materials and methods
2.1.	 Chemicals

All reactants were purchased from Merck. Organic 
solvents were purchased from Xilong. Deuterated 
solvents for NMR experiments, including CDCl3, 
CD3OD, (CD3)2SO and (CD3)2CO, were purchased from 
Cambridge Isotope Laboratories (Andover, MA). 

2.2.	 Methods

The melting point was determined using a Buchi 
B-545 melting point apparatus. Fourier-transform 
infrared (FT-IR) spectra were recorded with a Bruker 
E400 FT-IR spectrometer. Nuclear magnetic resonance 
(1H and 13C NMR) experiments were conducted on a 
Bruker Advance 500 MHz NMR spectrometer. Mass 
spectrometry (MS) was performed in negative ionization 
mode using an Agilent 1200 series HPLC coupled to a 
Bruker micrOTOF-QII EIS mass spectrometer detector. 

Synthesis of 1-(4-sulfobutyl)pyridinium chlorozincate 
(IL3): A mixture of pyridine (10.0 mmol, 790 mg) and 
1,4-butane sultone (10.0 mmol, 1360 mg) was initially 
combined and heated to 40°C. After 6 h, the resulting white 
solid was washed with Et2O and dried at 80°C for 30 min 
to yield an intermediate zwitterion. Next, the intermediate 
4-(pyridinium-1-yl)butane-1-sulfonate (10.0 mmol, 2150 
mg) was reacted with hydrochloric acid (10.0 mmol, 
365 mg) at 80°C for 15 min to produce 1-(4-sulfobutyl)
pyridinium chloride (IL0). Finally, 1-(4-sulfobutyl)
pyridinium chloride (10.0 mmol, 2514 mg) and zinc 
chloride (10.0 mmol, 1363 mg) were added to a round-
bottom flask containing 20 ml of toluene and refluxed for 
10 h. The resulting acidic ionic liquid was decontaminated 
with Et2O and dried under reduced pressure for 60 min. 
The 1-(4-sulfobutyl)pyridinium chlorozincate ionic 
liquid (IL3) was characterised by FT-IR, 1H and 13C 
NMR, and HRMS. Similarly, 1-(4-sulfobutyl)pyridinium 
chlorotinate (IL1) and 1-(4-sulfobutyl)pyridinium 
chlorocopperate (IL2) were also prepared by mixing 
1-(4-sulfobutyl)pyridinium chloride with tin chloride and 
copper chloride, respectively.

Synthetic procedure of 2-amino-3-cyano-4-phenyl-
7,7-dimethyl-7,8-dihydro-4H-1-benzopyran-5(6H)-one: 
5,5-Dimethyl-1,3-cyclohexanedione (1.0 mmol, 140 mg), 
benzaldehyde (1.0 mmol, 106 mg) and dicyanomethane 
(1.0 mmol, 66 mg) were added into round-bottom flask 
containing a solvent mixture (4 ml) of ethanol and water 
(1:1, v/v). Next, the ionic liquid catalyst (10 mol%, 35.4 

mg) was added dropwise to the mixture. The reaction 
was carried out by heating at 100ºC for 180 min, and its 
progress was monitored using thin-layer chromatography. 
After the completion of the reaction, the crude product 
was collected by filtration and recrystallized in ethanol. 
The melting point was measured, and the Rf value 
was calculated based on thin-layer chromatography. 
The product was characterized using 1H and 13C NMR 
spectroscopy. 

General procedure for catalyst recycle test: A 
mixture of 5,5-dimethyl-1,3-cyclohexanedione (1.0 
mmol, 140 mg), benzaldehyde (1.0 mmol, 106 mg), and 
dicyanomethane (1.0 mmol, 66 mg) was blended in a 
solvent mixture of ethanol and water (1:1, v/v). The IL3 
catalyst (10 mol%, 35.4 mg) was added to the reactor, and 
the reaction mixture was refluxed at 100ºC for 180 min. 
After cooling to room temperature, 10 ml of water was 
introduced into the reactor. Following 5 min of stirring, 
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The structure of the acidic ionic liquid was analysed 
using Fourier-transform infrared spectroscopy (FT-
IR), nuclear magnetic resonance spectroscopy (NMR), 

and high-resolution mass spectrometry (HRMS). In 
the FT-IR spectrum (Fig. 1), the ionic liquid exhibited 
a broad stretching absorption band for the O-H bond at 
3340 cm-1 and a characteristic stretching absorption of 
the S=O bond in the SO3H group at 1145 cm-1. Pyridine 
displayed characteristic absorptions at 3056 and 1610 
cm-1 corresponding to the H-Csp2 and C=C bonds. 
Furthermore, the presence of methylene was confirmed 
by the peak at 2982 cm-1, representing H-Csp3 stretching 
absorption. Absorption bands at 1456 and 1037 cm-1 were 
attributed to the C=N and C-N bonds.

The 1H NMR spectrum (Fig. 2) revealed characteristic 
absorptions of pyridine, including peaks at 9.04 (d, J=5.0 
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Fig. 2. 1H NMR of 1-(4-sulfobutyl)pyridinium chlorozincate. 

The data from the 13C NMR spectrum supported the above findings (Fig. 

3). Indeed, the signals of carbon atoms within the pyridine ring were observed at 

146.9, 146.0, and 129.6 ppm. Carbon atoms linked to heteroatoms, including 

nitrogen and sulphur, were characterized by signals at 62.5 and 51.3 ppm. The 

singlets at 31.1 and 22.7 ppm corresponded to the carbon atoms in the methylene 

groups. 

Fig. 2. 1H NMR of 1-(4-sulfobutyl)pyridinium chlorozincate.

Fig. 1. FT-IR of 1-(4-sulfobutyl)pyridinium chlorozincate.
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Hz, 2H), 8.61 (tt, J=8.0, 1.5 Hz, 1H), and 8.13 (t, J=7.0 
Hz, 2H). A triplet signal corresponding to protons in the 
-CH2-N- group was observed at 4.71 (t, J=7.5 Hz, 2H). 
The chemical shift of the protons in the -CH2-SO2- group 
was observed at 2.89 (t, J=7.5 Hz, 2H). Additionally, two 
quintets corresponding to other methylene groups were 
detected at 2.21 (qui, J=8.0 Hz, 2H) and 1.85 (qui, J=8.0 
Hz, 2H). 

The data from the 13C NMR spectrum supported the 
above findings (Fig. 3). Indeed, the signals of carbon atoms 
within the pyridine ring were observed at 146.89, 146.02 

and 129.55 ppm. Carbon atoms linked to heteroatoms, 
including nitrogen and sulphur, were characterized by 
signals at 62.5 and 51.29 ppm. The singlets at 31.13 
and 22.66 ppm corresponded to the carbon atoms in the 
methylene groups.

In addition, the mass spectrum of the ionic liquid 
corresponded to the molecular cation at m/z 216.0398 
(C9H14NO3S

+) and the peak at m/z 169.0444 in the HRMS 
was attributed to the ZnCl3

- anion (Fig. 4). Consequently, 
the above data confirms the successful synthesis of 
1-(4-sulfobutyl)pyridinium chlorozincate. 
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Fig. 4. HR-MS of 1-(4-sulfobutyl)pyridinium chlorozincate.
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3.2.	 Reaction condition optimisation for the 
synthesis of 4H-1-benzopyran-5(6H)-one

The optimal conditions for the catalytic condensation 
of benzaldehydes, 5,5-dimethyl-1,3-cyclohexanedione, 
and dicyanomethane were investigated. When 
1-(4-sulfobutyl)pyridinium chloride (IL0) was initially 
employed as the catalyst in this reaction, it provided the 
target product (4a) with a yield of 35% (Table 1, entry 2). 
To compare the catalytic activity of various ionic liquids 
(IL1, IL2, and IL3) with different anions, cyclization 
reactions were conducted in the presence of these three 
ionic liquid catalysts. The results demonstrated that 
the ionic liquid containing the chlorozincate anion was 
more effective than those containing the chlorotinate 
and chlorocopperate anions (Table 1, entries 3, 4, and 5). 
Furthermore, the catalytic activity of IL3 was higher than 
that of zinc chloride salt (Table 1, entries 1 and 5). This 
can be attributed to the involvement of both the sulfonic 
acid group and the chlorozincate anion in the structure of 
IL3 in this catalytic cyclocondensation.

Subsequently, various types of solvents were applied 
in this reaction (Table 1, entries 4-9). Polar solvents, 
including ethanol and methanol, yielded low yields of the 
target product in this three-component reaction. Notably, 
water provided a good yield for this reaction (Table 
1, entry 6). To further enhance the reaction yield, we 
performed this reaction by mixing water and an organic 
solvent. The mixture of water and ethanol (1:1, v/v) as the 
reaction solvent offered a satisfactory yield of 69% for 
the target product (4a) (Table 1, entry 4). Moreover, this 
solvent mixture was selected for subsequent experiments 
due to its non-toxic properties.

The effect of temperature was investigated in this 
reaction, and the results are presented in Fig. 5. The 
reaction yield increased rapidly from 24 to 69% as the 
temperature was raised from 30 to 100°C. However, a 
60% yield of the desired product was achieved at 120°C. 
Subsequently, we also examined the effect of reaction 
time at the same temperature. From Fig. 6, it can be 
observed that the reaction yield slightly increased from 
53 to 69% when the reaction time was extended to 180 

minutes. Further prolonging the reaction time led to 
slight decreases in the reaction yield. Consequently, the 
optimal reaction time of 180 minutes was chosen for this 
cyclisation.

Table 1. Effect of catalyst and solvent[a].
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Entry Catalyst Solvent 
Isolated yield 

(%) 

1 ZnCl2 H2O:EtOH (1:1) 42 

2 IL0 H2O:EtOH (1:1) 35 

l

Entry Catalyst Solvent Isolated yield (%)

1 ZnCl2 H2O:EtOH (1:1) 42

2 IL0 H2O:EtOH (1:1) 35

3 IL1 H2O:EtOH (1:1) 10

4 IL2 H2O:EtOH (1:1) 11

5 IL3 H2O:EtOH (1:1) 69

6 IL3 H2O:EtOH (1:2) 51

7 IL3 H2O 47

8 IL3 EtOH 6

9 IL3 MeOH 4

10 IL3 Solvent-free 15

[a]: 5,5-dimethyl-1,3-cyclohexanedione (0.5 mmol), benzaldehyde 
(0.5 mmol), dicyanomethane (0.5 mmol), catalyst (10 mol%), 
solvent (4 ml), 100°C, 180 min.

Fig. 5. Temperature screening.
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Fig. 6. Reaction time investigation.

The use of 5 mol% of 1-(4-sulfobutyl)pyridin-1-ium 
chlorozincate resulted in the production of 2-amino-
3-cyano-4-phenyl-7,7-dimethyl-7,8-dihydro-4H-1-
benzopyran-5(6H)-one with a relatively low yield (48%). 
However, increasing the catalyst amount to 10 mol% 
led to a significant improvement in the reaction yield, 
reaching up to 69%. It should be noted that the results 
indicated a pronounced negative effect when 20 mol% 
and 30 mol% of the catalyst were employed under the 
same conditions (Fig. 7). Consequently, 10 mol% was 
determined to be the optimal amount of catalyst for this 
method. Notably, one-pot three-component reactions in 
organic synthesis often result in by-product formation, 
but fortunately, only the major product was obtained 
under the optimal conditions.

Fig. 7. Amount of catalyst screening.

Based on the aforementioned optimal conditions, 
we investigated the reactions involving five aromatic 
aldehydes with dimedone and dicyanomethane (Scheme 2). 
In general, aldehydes containing electron-donating 
groups such as p-Me and p-MeO proved to be viable 
substrates under the current reaction conditions, yielding 
the corresponding products (4b and 4c) in moderate to 
good yields. Aromatic aldehydes containing chlorine 
on their aromatic ring were also successfully employed 
in the reaction, for instance, p-Cl derivatives (4d) were 
obtained in moderate yields. Aldehydes containing p-NO2 
groups provided the target products (4e) with a yield of 
33%. The structures of all derivatives were confirmed 
through NMR methods, and the data from the 1H and 13C 
NMR spectra are presented in Table 2.
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Table 2. Scope of reaction 

 

 
 

Table 3. Nuclear magnetic resonance data of benzopyran-5(6H)-ones. 

Compounds 
1H NMR (500 MHz, (CD3)2SO) 

δH (ppm) 

13C NMR (125 MHz, 

(CD3)2SO) 

δC (ppm) 

4a 

7.29 (t, J=7.5 Hz, 2H), 7.20 (d, 

J=7.5 Hz, 1H), 7.17-7.13 (m, 2H), 

6.98 (s, 2H), 4.18 (s, 1H), 2.54-

2.51 (m, 2H), 2.26 (d, J=16.0 Hz, 

1H), 2.11 (d, J=16.0 Hz, 1H), 1.05 

(s, 3H), 0.96 (s, 3H). 

196.1, 163.0, 159.0, 145.2, 

128.8, 127.6, 127.0, 120.2, 

113.2, 58.9, 50.5, 36.1, 32.3, 

28.9, 27.3 
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Table 2. Nuclear magnetic resonance data of benzopyran-
5(6H)-ones.

Compounds

1H NMR (500 MHz,
(CD3)2SO)
δH (ppm)

13C NMR (125 MHz, 
(CD3)2SO)
δC (ppm)

4a

7.29 (t, J=7.5 Hz, 2H), 7.20 
(d, J=7.5 Hz, 1H), 7.17-
7.13 (m, 2H), 6.98 
(s, 2H), 4.18 (s, 1H), 
2.54-2.51 (m, 2H), 2.26 
(d, J=16.0 Hz, 1H), 2.11 
(d, J=16.0 Hz, 1H), 1.05 (s, 
3H), 0.96 (s, 3H).

196.1, 163.0, 159.0, 
145.2, 128.8, 127.6, 
127.0, 120.2, 113.2, 
58.9, 50.5, 36.1, 32.3, 
28.9, 27.3

4b

7.09 (d, J=7.5 Hz, 2H), 7.02 
(d, J=8.0 Hz, 2H), 6.96 (s, 
2H), 4.13 (s, 1H), 2.51 (dd, 
J=4.0, 2.0 Hz, 2H), 2.24 
(d, J=9.5 Hz, 4H), 2.10 (d, 
J=15.5 Hz, 1H), 1.04 (s, 
3H), 0.96 
(s, 3H).

196.1, 162.8, 159.0, 
142.3, 136.1, 129.3, 
127.6, 120.2, 113.4, 
59.0, 50.5, 35.7, 32.3, 
28.9, 27.3, 21.1.

4c

7.06 (d, J=9.0 Hz, 2H), 6.95 
(s, 2H), 6.84 (d, J=9.0 Hz, 
2H), 4.12 (s, 1H), 3.72 (s, 
3H), 2.51-2.50 (m, 2H), 
2.25 (dd, J=16.0, 5.5 Hz, 
1H), 2.12-2.07 (m, 1H), 
1.04 (s, 3H), 0.95 (s, 3H).

196.1, 162.6, 158.9, 
158.4, 137.3, 128.7, 
120.3, 114.2, 113.5, 
59.1, 55.5, 50.5, 35.2, 
32.3, 28.9, 27.3.

4d

7.34 (d, J=8.5 Hz, 2H), 7.17 
(d, J=8.5 Hz, 2H), 7.05 (s, 
2H), 4.19 (d, J=1.0 Hz, 1H), 
2.51-2.50 (m, 2H), 2.25 (d, 
J=16.0 Hz, 1H), 2.10 (d, 
J=16.0 Hz, 1H), 1.03 (s, 
3H),
0.95 (s, 3H).

195.7, 162.6, 158.5, 
143.7, 131.1, 129.1, 
128.3, 119.5, 112.3, 
57.8, 49.9, 35.1, 31.8, 
28.3, 26.9.

4e

8.18 (d, J=8.5 Hz, 2H), 7.45 
(d, J=9.0 Hz, 2H), 7.17 
(s, 2H), 4.37 (s, 1H), 
2.56-2.53 (m, 2H), 2.27 
(d, J=16.0 Hz, 1H), 2.12 
(d, J=16.0 Hz, 1H), 
1.06-1.04 (m, 3H), 
0.97 (s, 3H).

195.7, 163.1, 158.6, 
152.3, 146.3, 128.6, 
123.7, 119.3, 111.7, 
57.0, 49.9, 35.7, 31.8, 
28.2, 26.9.

3.3. The possible mechanism

Based on our work and previous literature [26, 51, 52], 
the mechanistic steps of this condensation are illustrated 
in Scheme 3. Both the -SO3H group and the ZnxCly

- anion 
in the structure of the IL3 catalyst, known as Brønsted 

and Lewis acidic sites, respectively, play similar roles in 
each step of the reaction mechanism. 

The first step involves a nucleophilic addition reaction 
between benzaldehyde and dicyanomethane, known as 
Knoevenagel condensation. Under the acidic catalyst 
conditions, dicyanomethane undergoes tautomerization 
to form 3-iminoacrylonitrile (A). The π electron in C=C 
of (A) nucleophilically attacks the electrophilic carbon 
of benzaldehyde, facilitated by the acidic ionic liquid, 
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Scheme 3. The possible mechanism.
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resulting in intermediate (B). After the removal of a proton 
from the nitrogen atom, 2-(hydroxy(phenyl)methyl)
dicyanomethane (C) is formed, followed by protonation to 
provide intermediate (D). Subsequently, the elimination 
of water from (D) yields 2-benzylidenedicyanomethane 
(E). Finally, 5,5-dimethylcyclohexane-1,3-dione 
tautomerizes to 3-hydroxy-5,5-dimethylcyclohex-2-en-
1-one (F). 

The second step involves a Michael addition reaction 
between an electron-poor alkene and 1,3-diketone via 
1,4-addition. In this step, intermediate (E) is attacked by 
the π electron from the nucleophilic double bond of (F) with 
the assistance of an acidic catalyst, leading to intermediate 
(G). After the formation of 2-((4,4-dimethyl-2,6-
dioxocyclohexyl)(phenyl)methyl)-3-iminoacrylonitrile 
(H) through proton removal, intramolecular cyclization 
of intermediate (H) occurs through nucleophilic incursion 
between the C=O group and the nitrile group, resulting 
in 2-imino-3-(iminomethylene)-7,7-dimethyl-4-phenyl-
2,3,4,6,7,8-hexahydro-5H-chromen-5-one (I). Finally, 
the target products are obtained through the isomerization 
of intermediate (I) with the support of an acidic catalyst. 

3.4.	 Recycling of 1-(4-sulfobutyl)pyridinium 
chlorosincate

At the conclusion of this study, we investigated the 
recyclability of 1-(4-sulfobutyl)pyridinium chlorozincate. 
Under the optimized conditions, recycling experiments 
were conducted using a three-component reaction of 

benzaldehyde, dimedone, and dicyanomethane. After 
filtering and recrystallizing the crude product, the catalyst 
was easily separated through filtration and dried at 80°C. 
As seen in Fig. 8, there was a slight decrease in yield 
after each cycle (approximately 1-4% for each cycle). 
This decrease can be attributed to the loss of catalyst 
after each recycling. However, the ionic liquid catalyst 
retained its catalytic activity even after four cycles. 
Notably, the reaction yield reached 61% after the fourth-
time reuse of IL3 catalyst, which is less than 8% lower 
than the reaction yield using fresh IL3 catalyst. This 
result demonstrates that IL3 is a green catalyst suitable 
for industrial applications.   

4. Conclusions

In conclusion, a new acidic pyridinium-based ionic 
liquid was successfully synthesized and used as a 
catalyst in the synthetic process of 2-amino-3-cyano-
4-phenyl-7,7-dimethyl-7,8-dihydro-4H-1-benzopyran-
5(6H)-ones. These reactions involved a condensation 
reaction of aromatic benzaldehydes, 5,5-dimethyl-1,3-
cyclohexanedione, and dicyanomethane in a solvent 
mixture of ethanol and water, resulting in the desired 
products in moderate to good yields. The procedure is 
efficient and eco-friendly, and the products can be easily 
obtained by recrystallization. Thus, this protocol offers 
an alternative to existing methods. 
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1. Introduction

Fusarium species are ubiquitous soil-borne pathogens 
in a wide range of horticultural and food crops, causing 
destructive vascular wilt, rot, and damping-off diseases 
[1], which curtail plant production and yield. F. oxysporum, 
in particular, results in the demise of both young and 
mature plants, leading to significant economic losses [2]. 
Various strategies have been implemented to mitigate the 
impact of this pathogen, encompassing the elimination 
of afflicted plants, sanitation measures, the utilisation of 
disease-free tissue-cultured plants, and tolerant cultivars 
[3]. P. capsici is a soilborne oomycete pathogen afflicting 
several cash crops including solanaceous, leguminous, 
and most cucurbitaceous species [4, 5]. This pathogen 
carries substantial economic and scientific significance, 
responsible for annual losses exceeding one billion 
dollars in global vegetable production [5, 6]. Moreover, 
due to its resistance to currently available compounds, 

there is an urgent need to identify novel promising agents 
for its management.

Chemical fungicides are widely employed worldwide 
for the control of pathogenic fungi in various crops. 
Nevertheless, these fungicides possess a broad spectrum 
of activity, affecting beneficial soil microorganisms and 
leading to a swift resurgence of soil-borne pathogens. 
Additionally, their usage is constrained due to the presence 
of toxic residues, causing substantial environmental 
harm [7, 8]. Although several effective fungicides are 
recommended for root rot disease, they are not regarded 
as long-term solutions [9]. Consequently, there is an 
imminent requirement for alternative methods of fungal 
control in agriculture that are both less detrimental to 
human health and the environment [10, 11].

Plant preparations offer potential alternatives to 
nematode control products since they often serve as 
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atrophy, leading to mycelial collapse. In contrast, the hyphae of P. capsici displayed swelling with increased 
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extract, contributing to the development of environmentally friendly products aimed at controlling the growth 
of pathogenic fungi.
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alternative sources of treatment chemicals, degrade into 
non-toxic by-products, and exert minimal detrimental 
effects on non-target organisms and the environment. 
Numerous plants possessing antifungal properties 
have been identified and can be harnessed for disease 
management [12]. Furthermore, natural products 
exhibit low mammalian toxicity, high target specificity, 
biodegradability, and contain numerous active 
ingredients, thus displaying biocidal activity against 
multiple pests and pathogens [13]. Extracts from specific 
plants have traditionally been employed as natural 
fungicides in small-scale farming systems where the 
economic feasibility of synthetic chemicals was limited 
[14, 15]. Many medicinal plants represent a rich source 
of antifungal agents, and these plants are employed 
medicinally in various countries as sources of potent 
and efficacious drugs [12]. Researchers have conducted 
studies aimed at identifying novel antifungal substances 
produced by plants in recent years. These investigations 
have focused on the discovery of compounds with broad-
spectrum activity that could be valuable for the treatment 
of plant diseases, resulting in the isolation of numerous 
antifungal compounds [16, 17].

G. uralensis Fisch. is a perennial medicinal plant 
indigenous to China, Mongolia, Russia, and Korea [18]. 
It predominantly thrives in arid and semi-arid desert 
grasslands, desert margins, and loess hilly regions [19]. 
The plant thrives in dark, humid, and dry climates with 
prolonged sunshine and low temperatures [19]. Its root, 
measuring 1-3 cm in diameter, possesses brown skin and 
a light yellow interior, exhibiting a sweet taste. The plant 
boasts robust roots, an upright stem, multiple branches, a 
height ranging from 30-120 cm, spiny glands, and white 
or brown hairs [18]. Biologically, liquorice extract has 
demonstrated antioxidant, anti-inflammatory, antiviral, 
cytotoxic, and anti-diabetic activities, and is extensively 
employed in the treatment of hepatitis, bronchitis, 
and malaria [20-22]. The primary pharmacological 
components found in the root of G. uralensis Fisch. 
are glycyrrhizic acid and liquiritin [21, 22]. Despite 
numerous studies exploring the applications of G. 
uralensis Fisch. extracts for medicinal purposes [23], 
their antagonistic effects against plant pathogenic fungi 
have yet to be investigated. Thus, the objective of this 
study is to evaluate the antifungal activity of G. uralensis 
Fisch. extract.

2. Materials and methods
2.1. Plant materials and chemicals

Fig. 1. Morphological characteristics of (A) the plant and 
(B) the stem, and (C) the crude powder obtained from 
methanolic extraction of the roots of G. uralensis Fisch. 
(GUE) (Sapa, Lao Cai province, Vietnam).

Samples of G. uralensis Fisch. were gathered from 
Sapa (Lao Cai province, Vietnam) in November 2022. 
The plant exhibits an upright growth with a stem 
measuring 0.5-1.5 m in height. Its leaves are feather-like, 
featuring 9-17 ovate leaflets, and its flowers are butterfly-
shaped and pale purple (Fig. 1A). The stem displays a 
light yellow colour (Fig. 1B). The extraction process was 
adapted from the procedure outlined in [9]. In summary, 
dried G. uralensis Fisch. roots (1.0 kg) were cut into 
3-5 cm segments and subjected to extraction using 80% 
methanol (5 l×3) with agitation at 150 rpm, maintained 
at 27±1oC for a duration of 72 hours. Subsequently, the 
methanolic extract was filtered, evaporated to dryness 
under vacuum conditions at 40±2oC (Eyela N-1000, 
Tokyo, Japan), and freeze-dried to obtain G. uralensis 
Fisch. extract (GUE) in the form of a yellow powder 
(Fig. 1C). The collected GUE was stored at 4oC until 
further use.

Fungal pathogens F. oxysporum f. sp lycopesici 
KACC 40032 and P. capsici KACC 40473 were obtained 
from the Korean Agricultural Culture Collection (Suwon, 
Republic of Korea). All chemicals and solvents utilised 
were of analytical grade.

2.2. Determination of the effect of GUE on mycelial 
growth 

The toxicity of GUE against the tested fungi was 
assessed using a method that included the poison 
medium technique employing the PDA (potato dextrose 
agar) medium and the broth micro-dilution method [24]. 
In brief, mycelial culture blocks (6 mm in diameter) of 
the same age were placed in Petri dishes (90×15 mm) 
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containing 10 ml of PDA medium, resulting in final 
GUE concentrations of 0, 25, 50, 100, 200, or 400 µg/
ml. An equal volume of methanol was used as a control. 
The samples were incubated in darkness at 25±1oC, and 
mycelial growth was assessed at 3, 6, and 9 days after 
treatment (day 3, day 6, and day 9, respectively). The 
effective concentration that inhibited mycelial growth 
was computed using the following formula [25]:
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the procedures detailed in [27] and [8]. On day 3, 
fungal blocks were sectioned into 3 mm fragments and 
subsequently stained with lactophenol blue. To eliminate 
excess lactophenol blue solution, the samples underwent 
three washes with sterile water. The mycelial morphology 
of both the control and GUE-treated F. oxysporum and 
P. capsici was examined under a light microscope (40X 
magnification). PDA fungal culture devoid of GUE 
served as the control. The experiments were replicated 
three times for each treatment.

2.5. Statistical analysis

All data were presented as the mean ± standard 
deviation, based on the number of observations. A 
one-way analysis of variance (ANOVA) followed by 
Tukey’s test was conducted to evaluate the significance 
of differences among the treatment means, with a 
significance level set at p≤0.05. The Statistical Analysis 
System 9.4 (SAS Institute Inc., Cary, NC, USA) was 
employed for statistical analysis. 

3. Results and discussion
3.1. The inhibitory effect of GUE on the mycelial 

growth of F. oxysporum and P. capsici

Several extracts of G. uralensis Fisch. have been 
documented for their antibacterial, antifungal, and 
antiviral properties, encompassing crude alcoholic root 
extracts or its predominant purified compounds against 
human pathogens (Arthrinium sacchari, Chaetonmium 
funicola, and Candida albicans) [28-30]. However, to the 
best of our knowledge, there have been limited reports 
on the antifungal activity of a G. uralensis Fisch. extract 
against plant pathogenic fungi. In our investigation, 
we observed that GUE exhibited antifungal activity 
against both F. oxysporum and P. capsici, as depicted 
in Figs. 2 and 3, respectively. It is evident that GUE 

Fig. 2. Mycelial growth inhibition of F. oxysporum by GUE 
at various concentrations and treatment times. (A) Petri 
dishes of F. oxysporum incubated on PDA medium at 25oC 
in the dark with a final concentration of G. uralensis Fisch. 
extract (GUE) of 0, 25, 50, 100, 200, or 400 µg/ml (0 µg/ml is 
the methanol control); (B) Graphical representation of mycelial 
growth inhibition by GUE. The mean values followed by 
different letters in each column represent statistically significant 
differences based on Tukey’s HSD test (p≤0.05). The error bars 
indicate the standard deviation of the mean (n=3). D3, D6, and 
D9 correspond to 3, 6, and 7 days after treatment, respectively.
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significantly impeded the mycelial growth of both 
species, with inhibition ranges of 26.3-82.6, 24.1-79.2, 
and 28.1-67.8% for F. oxysporum and 27.4-83.7, 33.1-
78.5, and 20.0-70.1% for P. capsici, observed three, 
six, and nine days after treatment with 25-400 µg/ml of 
GUE. Consequently, the EC50 values for GUE mycelial 
inhibition were calculated as 113.4, 150.6, and 191.4 
µg/ml for F. oxysporum and 84.7, 148.6, and 190.1 µg/
ml for P. capsici, respectively (Table 1). As portrayed 
in Figs. 2 and 3, the antifungal activities of GUE were 
highly pronounced in inhibiting the mycelial growth 
of F. oxysporum and P. capsici utilising the paper disc 
method. Specifically for F. oxysporum, the MIC value of 

GUE was found to be 100, 200, and 400 μg/ml at 3, 6, 
and 9 days post-treatment. In contrast, for P. capsici, the 
MIC value was 50, 100, and 100 μg/ml at 3, 6, and 9 days 
post-treatment.

Table 1. The EC50 values for inhibiting the mycelial growth 
of F. oxysporum and P. capsici by the methanolic extract 
of the roots of G. uralensis Fisch. after various treatment 
times.

Pathogenic fungus
EC50 (µg/ml)

Day 3 Day 6 Day 9

F. oxysporum 113.4±1.8c 150.6±2.2b 191.4±1.1a

P. capsici 84.7±1.6d 148.6±2.3b 190.1±2.5a

Each value is the mean ± standard deviation from 2 experiments 
with three replicates. The mean values followed by different 
letters in each column represent statistically significant 
differences based on Tukey’s HSD test (p≤0.05).

In separate studies, numerous compounds present in 
Chinese liquorice roots and rhizomes have exhibited anti-
H1N1 virus activity, with inhibitory rates ranging from 
47 to 82% at concentrations of 100 μM, corresponding 
to IC50 values within the range of 39.6-49.1 μM. These 
compounds include glycyrrhizin, β-acetoxyglycyrrhizin, 
and liquorice saponins A3, E2, and G2 [20]. Aqueous 
and ethanolic extracts from Chinese liquorice have 
also demonstrated a broad inhibitory spectrum against 
Gram-positive and -negative bacteria, yeast, and fungi. 
Moreover, G. glabra extract at concentrations of 10 to 
100 mg/ml has displayed significant anti-yeast activity 
against C. parapsilosis [31]. The majority of antimicrobial 
effects attributed to Chinese liquorice extract can be 
attributed to isoflavonoid components, particularly 
hispaglabridin, β,4’-O-methylglabridin, glabridin, 
glabriol, and 3-hydroxyglabrol [31-33]. Dodecamethyl 
cyclohexasiloxane extracted from Argemone ochroleuca 
latex has demonstrated antifungal activity against 
Candida species and Drechslera halodes [34]. S. 
Hermann, et al. (2022) [23] reported that G. glabra leaf 
extract effectively controls a variety of bacterial plant 
pathogens and the oomycete P. infestans, not only in vitro 
or on the model plant Arabidopsis, but also on a crop 
plant (tomatoes). Furthermore, Pseudomonas syringae 
was eradicated by a 0.2% G. glabra leaf extract in vitro.

Fig. 3. Mycelial growth inhibition of P. capsici by GUE at 
various concentrations and treatment times. (A) Petri dishes 
of P. capsici incubated on PDA medium at 25oC in the dark with 
a final concentration of G. uralensis Fisch. extract (GUE) of 0, 
25, 50, 100, 200, or 400 µg/ml (0 µg/ml is the methanol control); 
(B) Graphical representation of mycelial growth inhibition by 
GUE. The mean values followed by different letters in each 
column represent statistically significant differences based on 
Tukey’s HSD test (p≤0.05). The error bars indicate the SD of 
the mean (n=3). D3, D6, and D9 correspond to 3, 6, and 9 days 
after treatment, respectively.
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3.2. The effect of GUE on the mycelial morphology 
of F. oxysporum and P. capsici

Fig. 4. Light microscope images (40X magnification) of the 
mycelial morphology of F. oxysporum after 3 days with and 
without treatment with G. uralensis Fisch. extract.

The mycelial morphology of F. oxysporum on day 3, 
with and without treatment with GUE, is presented in 
Fig. 4. In the case of F. oxysporum, Fig. 4A illustrates the 
growth of healthy mycelia on the control plates, while Fig. 
4B reveals their slight impairment, featuring transparent 
cytoplasm, when exposed to 100 µg/ml GUE. Further 
treatment with 200 µg/ml GUE resulted in atrophied and 
fragmented mycelia, as indicated by the arrow in Fig. 4C. 
Subsequently, treatment with 400 µg/ml GUE resulted in 
abnormal, atrophied, and collapsed mycelia, as shown by 
the arrow and circle in Fig. 4D. 

Figure 5 displays the mycelial morphology of P. 
capsici on day 3, with and without treatment with 
GUE. In the case of P. capsici, Fig. 5A demonstrates 
the growth of healthy mycelia on the control plates, 
while Fig. 5B reveals their mild perturbation, featuring 
transparent cytoplasm, when exposed to 100 µg/ml of 
GUE. Furthermore, Fig. 5C exhibits several swollen and 

aberrant mycelium tips following treatment with 200 µg/
ml of GUE, as indicated by the arrow and circle. Finally, 
when treated with 400 µg/ml of GUE, Fig. 5D shows 
a majority of swollen mycelium tips with increased 
branching, again illustrated by the arrow and circle. These 
results are in line with existing literature, suggesting that 
essential oils can exert versatile effects on cell walls, cell 
membranes, and cytoplasmic contents [35-38].

Mechanisms of action for crude extracts or compounds 
from G. uralensis Fisch. on fungi and oomycetes have 
been scarcely investigated. One plausible mechanism 
underlying their antifungal activity involves the 
degradation of fungal cell walls by inhibiting chitin 
synthesis [39]. Additionally, Q. OuYang, et al. (2019) [40] 
reported the dissolution of the cell wall of Geotrichum 
citri-aurantii, along with a reduction in chitin content, 
concluding that active compounds can hinder mycelial 
growth by compromising the integrity of fungal cell 
walls. In a similar vein, D.M.C. Nguyen, et al. (2013) [9] 
observed the collapse and shrinkage of F. solani hyphae 

Fig. 5. Light microscope images (40X magnification) of the 
mycelial morphology of P. capsici after 3 days with and 
without treatment with G. uralensis Fisch. extract.
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following incubation with gallic acid (500 µg/ml) purified 
from Terminalia nigrovenulosa for 24 hours. Likewise, 
Y. Wang, et al. (2021) [8] demonstrated the distortion and 
shrivelling of P. capsici mycelium 3 days after treatment 
with 140 mg/l cinnamaldehyde.

4. Conclusions

In this study, we explored the antifungal potential of 
the methanolic extract of G. uralensis Fisch.. It exhibited 
significant promise as an alternative to synthetic fungicides 
for combating plant pathogens. Future investigations 
should aim to identify the chemical structure of the 
active compounds present in G. uralensis Fisch. extract. 
Once these structures are elucidated, efforts should be 
directed towards developing their fungicidal potency and 
stability, with the goal of reducing costs and rendering 
them practical for field applications.
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1. Introduction
The fluorine atom assumes a pivotal role in medicinal 

chemistry, particularly in drug design and development 
[1, 2]. Approximately 25% of FDA-approved drugs 
presently incorporate fluorine 
(F) or related functional groups 
such as monofluoromethyl 
(-CFH2), difluoromethyl 
(-CF2H), trifluoromethyl (-CF3), 
among others [1-4]. Notable 
examples of such fluorinated 
drugs encompass voriconazole 
for fungal infection treatment, 
Sitagliptin for type II diabetes 
management, and Fulvestrant 
for cancer therapy (Fig. 1A). 
Among these fluorinated 
moieties, it is well-established 
that the difluoromethyl CF2H 
group serves as a bioisostere 
substitute for numerous 

functional groups, including OH, SH, and NH [5]. This 
bioisosteric replacement significantly enhances the 
biological activity of compounds [5, 6]. Consequently, 
a substantial body of research is dedicated to developing 
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Fig. 1. Most notable drugs containing (A) fluorine atoms and (B) quinoline.
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novel difluoromethylation reactions to introduce the 
CF2H group into bioactive compounds [7].

Quinoline represents a privileged structural motif in 
drug design, with numerous bioactive compounds and 
drugs featuring this moiety (Fig. 1B) [8]. Therefore, 
our research group is keenly interested in discovering 
new methodologies for constructing currently 
inaccessible quinoline derivatives. To date, only a 
limited number of methods have been reported for the 
direct difluoromethylation of quinoline (Scheme 1) [9-
11]. However, all of these reported methods exclusively 
yield the C-2-CF2H and C-4-CF2H derivatives. In this 
report, we present the inaugural controlled-direct C-3 
difluoromethylation of quinoline.

2. Materials and methods
2.1. Chemicals

Reagents and solvents were procured from 
commercially available suppliers, including Deajung 
(South Korea), Sigma Aldrich, and Alfa Aesar. All 
reagents and solvents exhibited a minimum purity of 98% 
and were utilized without further purification. Reaction 
progress was monitored via thin-layer chromatography 
(Merck Kieselgel 60F254) and visualized under UV light 
at wavelengths of 254 or 365 nm. NMR analyses were 
conducted using a Bruker Avance 400 MHz instrument 
with TMS serving as the internal standard.

2.2. Methods

General procedure: Quinoline (1 equiv.), palladium 
complex (0.5 mol%), AgNO3 (0.5 equiv.), and K2S2O8 
(5 equiv.) were combined in a 10 ml round-bottom 
flask. Acetonitrile (1 ml) was subsequently added, 
followed by H2O (0.5 ml). The difluoromethylating 
reagent CF2HCOOH (2 equiv.) was introduced. The 
mixture was stirred at 50oC for 6 hours. Reaction 
progress was monitored by thin-layer chromatography 
until completion. The reaction mixture was then diluted 
with H2O (20 ml), followed by the addition of saturated 
NaHCO3 (20 ml). Extraction was performed using ethyl 
acetate. The product was purified via silica-gel flash 
column chromatography.

3. Results and discussion 
3.1. Investigation of direct C-3 difluoromethylation

N

C-4

C-2

Fig. 2. Electron flow of quinoline.

Previously, difluoroacetic acid and its derivatives 
have been reported as a new means for direct 
difluoromethylation of quinoline [9-11]. However, the 
authors exclusively yielded the C-2-CF2H/C-4-CF2H 

and bis-difluoromethylated 
products (C-2 + C-4) (Scheme 1). 
The common mechanism 
underlying this reaction 
involves the nucleophilic 
CF2H radical species 
generated through the redox 
process of AgNO3/K2S2O8, 
which preferentially attaches 
to the electron-deficient 
carbons within the quinoline 
system (C-2 and C-4) (Fig. 2) 
[9-11]. Building upon these 
findings, we hypothesized 
that the inclusion of a metal 
catalyst could stabilise 
the electrophilic CF2H 
radical species, thereby 
enabling attachment to 
C-3 of quinoline. Among 
metal catalysts, palladium Scheme 1. Current methods of direct difluoromethylation.
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is renowned for its involvement in various mechanisms 
of both nucleophilic and electrophilic radical reactions 
[12]. Consequently, we conducted a screening of several 
palladium catalysts using the previously optimised 
reaction conditions (Table 1, Scheme 2).

Table 1. Representative results of the screening of 
palladium complexes.

Entry Pd Catalyst
Catalyst 
(mol%)

Yields (%)*

1 2 3
1 None - 50 <1 -

2 Pd(OAc)2 0.5 44 <1 0

3 Pd(PPh3)4 0.5 31 <5 0

4 Pd(PPh3)4Cl2 0.5 <5 <1 72

5 Pd(PPh3)4Cl2 1 <5 <1 70

Reactions were carried out at 50oC. *NMR yields. Other 
palladium complexes did not exhibit any significant effects on 
the reaction (data not shown).

As illustrated in Table 1, the standard reaction 
conditions without palladium yielded a 50% yield of C-2 
product 1 and less than 1% of product 2, consistent with 
the literature [10] (Entry 1, Table 1). No C-3 product 
was obtained when employing Pd(OAc)2 and Pd(PPh3)4, 
though the overall reaction yield was diminished (Entries 
2 and 3, Table 1). Among the tested palladium complexes, 
Pd(PPh3)4Cl2 emerged as a regioselective catalyst for the 
formation of the C-3 product, with a minor amount of 
C-2 (1) and bis C-2/C-4 (2) (Entry 4, Table 1). The TLC 
pattern also indicated that the more polar spot corresponds 
to C-3 (3) (Fig. 3). This observation can be elucidated by 
the presence of the electron-withdrawing group -CF2H at 
C-2 in 1 and 2, rendering these compounds less polar in 
comparison to 3. Employing 0.5 mol% of Pd(PPh3)4Cl2 
was deemed optimal, as increasing the amount did not 
enhance the reaction yield (Entry 5, Table 1).

3.2. Confirmation of compound’s structures

Comparison of the 19F-NMR spectra of 1, 2, and 3 (Fig. 
4) revealed distinct features: a single peak at -114.2 ppm 
for compound 1, corresponding to C-2-CF2H; a single 
peak at -115.1 ppm for compound 2, indicative of C-3-
CF2H; and two peaks at -114.5 and -115.2 corresponding 
to C-2-CF2H & C-3-CF2H in compound 3. Overall, the 
19F-NMR analysis unequivocally differentiated the CF2H 
group in compounds 1-3.

In terms of 1H-NMR, the presence of triplet peaks 
within the range of 6.60-7.30 ppm (JH-F~55 Hz) for 
the hydrogen atoms of the CF2H group confirmed the 
existence of C-2-CF2H and C-3-CF2H in the synthesised 
compounds 1-3 (Fig. 5). Furthermore, the proton peak 
at 8.96 ppm for compound 3 affirmed that the hydrogen 
at C-2 of quinoline remained unaltered, a feature not 

N

CF2HCOOH, AgNO3, K2S2O8
ACN, H2O

Palladium (see Table 1) N N NCF2H CF2H

CF2H
CF2H

+ +

1                                  2                                 3
Scheme 2. Synthetic scheme corresponding to the experiments detailed in Table 1.

Fig. 3. TLC of reaction mixture when adding Pd(PPh3)4Cl2.
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observed in compounds 1 and 2. Collectively, the NMR 
data have substantiated the structures of the compounds.

In summary, we have developed novel reaction 
conditions to achieve direct C-3 difluoromethylation. 
Comprehensive characterisations, including 1H-NMR 
and 19F-NMR for known compounds 1,2, along with full 
characterisation for compound 3, are shown below:

Compound 1:  1H NMR (400 MHz, Chloroform-d) 
δ=8.26 (d, J=8.5, 1H), 8.07 (d, J=8.5, 1H), 7.86-7.78 (m, 
1H), 7.71 (ddd, J=8.5, 6.8, 1.4, 1H), 7.66 (d, J=8.4, 1H), 

7.56 (t, J=7.5, 1H), 6.71 (t, J=55.3, 1H). 19F NMR (376 
MHz, CDCl3) δ -114.22.

Compound 2: 1H NMR (400 MHz, Chloroform-d) δ 
8.23 (d, J=8.6 Hz, 1H), 8.14 (dd, J=8.4 Hz, 1H), 7.92 (s, 
1H), 7.82-7.89 (m, 1H), 7.74 (ddd, J=8.2, 6.7, 1.2 Hz, 
1H), 7.18 (t, J=54.3 Hz, 1H), 6.81 (t, J=55.1 Hz, 1H). 19F 
NMR (376 MHz, CDCl3) δ -114.5, -115.2.

Compound 3: yellow oil.  1H NMR (400 MHz, 
Chloroform-d) δ=9.03 (s, 2H), 8.22 (d, J=8.4, 2H), 8.10 
(d,  J=8.4, 2H), 7.80 (t,  J=7.6, 2H), 7.66 (t,  J=7.6, 2H), 

(1) (2)

(3)
Fig. 4. 19F-NMR spectra of compounds 1, 2, and 3.
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7.62-7.57 (m, 2H), 7.16 (t, t, J=55.3, 
1H). 13C NMR (101 MHz, CDCl3) δ 
150.05, 148.55, 137.91(t), 130.41, 
130.00, 127.87, 124.19, 123.31, 
118.00(t), 113.31(t).  19F NMR (376 
MHz, CDCl3) δ -115.09.

4. Conclusions

We have successfully conducted 
the direct C-3 difluoromethylation of 
quinoline, employing difluoroacetic 
acid as the difluoromethylating 
reagent under the redox conditions 
of AgNO3/K2S2O8 and employing 
Pd(PPh3)2Cl2 as the catalyst. The 
structure of the C-3 compound 
was meticulously confirmed 
through state-of-the-art NMR 
techniques, encompassing 1H-NMR, 
13C-NMR, and 19F-NMR. As 
of now, this represents the sole 
direct method documented in the 
literature for synthesizing the C-3-
CF2H derivative of quinoline. We 
anticipate that this work will serve 
as an accessible route for the direct 
synthesis of drugs containing the 
C-3-CF2H moiety.

CRediT author statement

Thanh Tung Truong: Study 
conception, Design, Data collection, 
Analysis and Interpretation, Original 
draft preparation; John Nielsen: 
Analysis and Interpretation, Original 
draft preparation.

ACKNOWLEDGEMENTS

This research is funded by the 
Phenikaa University Foundation 
for Science and Technology 
Development.

1

2

3
Fig. 5. 1H-NMR spectra of compounds 1, 2, and 3.



PHYSICAL SCIENCES | CHEMISTRY, LIFE SCIENCES | PHARMACOLOGY

58 MARCH 2024 • VOLUME 66 NUMBER 1

COMPETING INTERESTS

The  authors  declare  that  there  is  no  conflict  of  
interest regarding the publication of this article.

REFERENCES
[1] A. Vulpetti, C. Dalvit (2012), “Fluorine local environment: 

From screening to drug design”, Drug. Discov. Today., 17(15-16), 
pp.890-897, DOI: 10.1016/j.drudis.2012.03.014.

[2] J. Wang, M.S. Rosello, J.L. Aceña, et al. (2014), “Fluorine in 
pharmaceutical industry: Fluorine-containing drugs introduced to the 
market in the last decade (2001-2011)”, Chem. Rev., 114(4), pp.2432-
2506, DOI: 10.1021/cr4002879.

[3] S. Purser, P.R. Peter, S. Swallow, et al. (2008), “Fluorine in 
medicinal chemistry”, Chem. Soc. Rev., 37(2), pp.320-330.

[4] N.A. Meanwell (2011), “Synopsis of some recent tactical 
application of bioisosteres in drug design”, J. Med. Chem., 54(8), 
pp.2529-2591, DOI: 10.1021/jm1013693.

[5] Y. Zafrani, G.S. Moriah, D. Yeffet, et al. (2019), “CF2H, a 
functional group - dependent hydrogen - bond donor: Is it a more 
or less lipophilic bioisostere of OH, SH, and CH3?”, J. Med. Chem., 
62(11), pp.5628-5637, DOI: 10.1021/acs.jmedchem.9b00604.

[6] Y. Zafrani, D. Yeffet, G.S. Moriah, et al. (2017), 
“Difluoromethyl bioisostere: Examining the “lipophilic hydrogen 
bond donor”, concept”, J. Med. Chem., 60(2), pp.797-804, DOI: 
10.1021/acs.jmedchem.6b01691.

[7] P. Richardson (2016), “Fluorination methods for drug 

discovery and development”, Expert. Opin. Drug. Discov., 11(10), 

pp.983-999, DOI: 10.1080/17460441.2016.1223037.

[8] A. Dorababu (2021), “Quinoline: A promising scaffold in 

recent antiprotozoal drug discovery”, Chemistry Select, 6, pp.2164-

2177, DOI: 10.1002/slct.202100115.

[9] Y. Fujiwara, J.A. Dixon, R.A. Rodriguez, et al. (2012), “A new 

reagent for direct difluoromethylation”, J. Am. Chem. Soc., 134(3), 

pp.1494-1497, DOI: 10.1021/ja211422g.

[10] T.T. Tung, S.B. Christensen, J. Nielsen (2017), “Difluoroacetic 

acid as a new reagent for direct C-H difluoromethylation of 

heteroaromatic compounds”, Chem. Eur. J., 23, pp.18125-18128, 

DOI: 10.1002/chem.201704261.

[11] W. Zhang, X.X. Xiang, J. Chen, et al. (2020), “Direct C-H 

difluoromethylation of heterocycles via organic photoredox catalysis”, 

Nature Communications, 11(1), DOI: 10.1038/s41467-020-14494-8.

[12] N. Lalloo, C.A. Malapit, S.M. Taimoory, et al. (2021), 

“Decarbonylative fluoroalkylation at palladium(II): From fundamental 

organometallic studies to catalysis”, J. Am. Chem. Soc., 143(44), 

pp.18617-18625, DOI: 10.1021/jacs.1c08551.



LIFE SCIENCES | AGRICULTURE

59MARCH 2024 • VOLUME 66 NUMBER 1

1. Introduction 

Cassava (Manihot esculenta Crantz) emerges as a 
pivotal crop in the 21st century, serving purposes ranging 
from food and animal feed to starch processing and 
biofuel production worldwide. In Vietnam, cassava, 
alongside rice and corn, occupies a position of primacy in 
research and development according to the vision of the 
Government and the Ministry of Agriculture and Rural 
Development (MARD). This comprehensive article 
serves as a sequel to the work presented by K. Hoang, 
et al. (2018) [1] on “Conservation and sustainable 
development of Vietnamese cassava”. 

The aim of this review study is to amalgamate the 
findings of cassava breeding spanning the past five 
decades, elucidating the lineage of popular cassava 
varieties alongside promising ones in the ongoing 
development of Vietnamese cassava varieties from 1975 
to the present. In response to requests from CIAT, the 
MARD, and Phu Yen province, this article encompasses 
six key sections: 1. Introduction; 2. The current status 
of cassava in Vietnam; 3. The process of breeding and 
developing Vietnamese cassava varieties (1975 to date); 
4. Promising cassava varieties for the cassava program in 
Vietnam; 5. Conservation and sustainable development 
of Vietnamese cassava; and 6. Conclusions. Addressing 
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Abstract: 

Vietnamese cassava varieties constitute the fundamental and pivotal element in the sustainable development 
programme for cassava. This article aims to encapsulate the advancements made over nearly five decades in 
breeding and enhancing Vietnamese cassava varieties. It delineates the suitable cassava variety structures for 
each period and ecological region. The selection of cassava varieties exhibiting high starch yield and disease 
resistance, coupled with the establishment of a suitable and efficient cassava cultivation model, exemplified by 
10T for Vietnamese cassava varieties KM568, KM539, KM537, KM569, and KM94, stands as a cornerstone 
for sustaining cassava development over the years. Presently, we advocate for farmers to cultivate promising 
cassava varieties such as KM568 or KM539 (an enhanced version of the International Center for Tropical 
Agriculture (CIAT) cassava variety C39, refined through multiple breeding cycles from 2004 onwards), KM537, 
KM569, or HN1 (originally known as TMEB419), alongside popular cassava varieties: KM440, KM419, KM94, 
KM7, STB1, KM414, KM98-7, KM140, KM98-5, KM98-1. We have conducted Distinctness, Uniformity, and 
Stability (DUS) and Value for Cultivation and Use (VCU) tests, showcasing outstanding cassava varieties in 
large-scale farming, thereby providing compelling evidence for the prudent conservation and sustainable 
development of cassava. Vietnamese cassava progression (1975 to date) has traversed six stages, with five waves 
of restructuring cassava varieties, aligning with target orientations, farming conditions, and market demands, 
culminating in 16 popular cassava varieties and four promising cassava varieties KM568, KM539, KM537, and 
KM569. 

Keywords: Cassava varieties; Distinctness, Uniformity, and Stability (DUS) and Value for Cultivation and Use 
(VCU); progression; Vietnam.
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these requests, the article integrates the aforementioned 
sections to provide further clarity: Identifying the 
significance of cassava, the current state of cassava 
cultivation in Vietnam, the history of breeding, breeding 
methodologies, main cassava varieties with their primary 
characteristics, recent advancements in cassava breeding, 
and the latest findings and references for each subgroup.

The sustained effort over nearly five decades has 
propelled significant advancements in cassava breeding, 
facilitated by the Vietnam National Cassava Program 
(VNCP) that connects various academic institutions such 
as the Nong Lam University - Ho Chi Minh City (NLU), 
University of Agriculture and Forestry, Hue University 
(HUAF), Thai Nguyen University of Agriculture and 
Forestry (TNAF), Hung Loc Agricultural Research 
Center (HARC), Root Crop Research and Development 
Centre (RCRDC), Tay Nguyen University (TNU), 
the One Commune One Product (OCOP) network of 
provinces, notably Phu Yen provinces, and the more 
recently established International Laboratory for Cassava 
Molecular Breeding (ILCMB), a collaborative effort 
between CIAT, RIKEN, and the Vietnamese Institute of 
Agricultural Genetics.

Vietnam’s cassava production has witnessed 
remarkable progress in productivity owing to: i) increased 
breeding efforts and the adoption of new varieties and 
agricultural techniques; ii) progressively supportive 
governmental policies; and iii) sustained backing from 
international organisations, particularly the CIAT, 
and more recently, Australian Centre for International 
Agricultural Research (ACIAR). 

2. The current status of cassava in Vietnam  

Vietnamese cassava stands as a remarkable success 
story today [2]. The current cultivation of cassava in 
Vietnam spans an area exceeding half a million hectares 
annually, with exported cassava products valued between 
0.8 and 1.2 billion USD [3]. Nationally, cassava has 
emerged as a significant export crop, offering avenues for 
increased income, livelihood enhancement, and improved 
living standards for millions of smallholder farmers. 

The yield and total output of cassava in Vietnam have 
seen significant increases, soaring from 8.35 tons/ha 
and 1.98 million tons in 2000 to 17.90 tons/ha and 9.74 
million tons in 2013, marking a doubling in yield and a 
fivefold increase in total production [4]. 

The cassava revolution in Vietnam serves as a 
distinguished model in Asia and globally, characterised 
by the selection of high-starch-yielding cassava varieties, 
widespread adoption of sustainable farming practices, and 
advancements in production, post-harvest processing, 
value chain enhancement, and market expansion [5]. 

The pivotal role of selecting Vietnamese cassava 
varieties cannot be overstated. Millions of Vietnamese 
farming households have reaped the benefits of improved 
cassava varieties, experiencing heightened productivity, 
increased profits, and enhanced livelihoods. The project 
on the “Conservation and sustainable development 
of cassava in Vietnam” has yielded notable success, 
substantiated by testing and demonstration results in 
Tay Ninh, Phu Yen, Dak Lak, and Dong Nai provinces, 
where farmers employing superior cassava varieties and 
appropriate intensive farming techniques have witnessed 
a surge in cassava yield from 8.5 tons/ha in 2000 to 
over 36.0 tons/ha on a large scale today, representing a 
substantial increase in yield and total output. The history 
of cassava breeding in Vietnam, methods of cassava 
multiplication, exchanges of cassava genetic resources 
between VNCP & CIAT, and the achievements and lessons 
from Vietnam’s cassava revolution are encapsulated in 
the article “Conservation and sustainable development of 
cassava in Vietnam” by K. Hoang, et al. (2018) [1]. The 
collaborative efforts of VNCP, Phu Yen province, NLU, 
and the broader connected community bode well for the 
future of developing Vietnamese cassava varieties.

The surge in productivity, output, and economic 
efficiency of Vietnamese cassava has coincided with the 
emergence and spread of cassava witches’ broom disease 
caused by Phytoplasma sp. (CWBD) on heavily infected 
cassava variety KM94 and Sri Lanka Cassava Mosaic 
virus disease on heavily infected cassava variety HLS11, 
inflicting serious damage in 17 provinces [6]. Improving 
and upgrading the most popular cassava varieties with 
high starch yield and resistance to pests and diseases 
stands as an effective solution to sustain and enhance 
cassava production [7].

In 2022, cassava production in Vietnam encompassed 
an area of 528.0 thousand hectares, yielding an 
average of 20.3 tons/ha of fresh roots, resulting in a 
total output of 10.7 million tons [8]. The five primary 
cassava-growing regions of Vietnam are: 1) The Central 
Highlands region, comprising 172.5 thousand hectares 
of cassava, accounting for 32.7% of the total cassava 
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area, with focal points in Gia Lai (81.0 thousand 
hectares), Dak Lak (45.0 thousand hectares), and Kon 
Tum (38.8 thousand hectares); 2) The South Central 
Coast region, encompassing 102.0 thousand hectares of 
cassava, accounting for 19.3% of the total cassava area, 
with major concentrations in Phu Yen (29.5 thousand 
hectares), Binh Thuan (28.0 thousand hectares), Quang 
Ngai (17.0 thousand hectares), and Quang Nam (10.0 
thousand hectares); 3) The Southeast region, hosting 92.8 
thousand hectares of cassava, accounting for 17.6% of the 
total cassava area, with significant presence in Tay Ninh 
(59.0 thousand hectares) and Dong Nai (17.0 thousand 
hectares); 4) The Northern midlands and mountains, with 
99.3 thousand hectares of cassava, accounting for 18.9% 
of the total cassava area, scattered across mountainous 
provinces including Son La, Yen Bai, and Hoa Binh; and 
5) The North Central region, with 53.0 thousand hectares 
of cassava, comprising 10% of the total cassava area, 
predominantly concentrated in Nghe An, Thanh Hoa, and 
Quang Tri (12-13 thousand hectares per province) [9].

Presently, selecting cassava varieties with high 
starch yield and disease resistance and implementing 
a suitable and effective cassava cultivation model like 
the 10T model for Vietnamese cassava varieties such as 
KM568, KM539, KM537, KM569, and KM94 remain 
crucial for maintenance and development. Farmers now 
prefer disease-resistant promising cassava varieties like 
KM568, KM539 (an excellent improved version of the 

imported CIAT cassava variety C39), KM537, KM569, 
and HN1 (originally known as TMEB419), alongside 
popular cassava varieties such as KM440, KM419, 
KM94, KM7, STB1, KM414, KM98-7, KM140, KM98-
5, and KM98-1. The remarkable outcomes of VCU and 
DUS tests and large-scale demonstrations in farmers’ 
fields serve as compelling evidence for the sustainable 
development of the cassava programme. Notably, the 
enhancement and improvement of cassava varieties 
KM419, KM440, and KM539 in Phu Yen province reflect 
significant achievements [10, 11]. The availability of 
superior cassava varieties and the ‘10T cassava farming 
techniques model’ have paved the way for the application 
and expansion of the ‘Sustainable agricultural and rural 
development strategy for the period 2021-2030’ [12], 
alongside national target programmes and the VAEM & 
TNU VSTA initiative.

3. The process of breeding and developing Vietnamese 
cassava varieties (1975 to date) 

The evolution of Vietnamese cassava varieties (1975 
- present) has traversed six stages, marked by five 
waves of structural transformation in cassava varieties, 
aligning with target orientations amidst diverse farming 
conditions and market demands. This progression entails 
the cultivation of 16 popular cassava varieties and 4 
elite promising varieties: KM568, KM569, KM539, and 
KM569 (refer to Fig. 1 and Table 1).
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Fig. 1. Flowchart illustrating the progression of Vietnamese cassava varieties from 1975 to the present.
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Period 1975-1990: The focus during this phase was on 
collecting and conserving genetic resources of root crops, 
selecting high-yield, quality cassava varieties suitable for 
both food and animal feed purposes. Notably, the HL23 
cassava variety emerged as a pivotal production staple. 
Cassava cultivation extended across all ecological regions 
of the country except for the rice-growing lowlands 
in the Mekong delta and Red river delta. Productivity 
during this era ranged from 6 to 8 tons/ha [13]. Popular 
varieties included Gon, H34, and Xanh Vinh Phu before 
1985, transitioning to HL23, HL20, and HL24 between 
1986 and 1990. These selections, predominantly from the 
Hung Loc Agricultural Experimental Research Center, 
covered an area of 70,000-80,000 hectares, particularly 
in southern provinces, boasting yields exceeding 16.5 
tons/ha [14].

The HL23 variety, renowned for its delectable taste, 
exhibited a yield of 29.8 tons/ha and starch content of 
25.3% [15]. This period also marked the inception 
of the strategy for the “Conservation and sustainable 
development of cassava in Vietnam” [1, 16, 17], led 
by the VNCP connecting HARC (under Institute of 
Agricultural Science for Southern Vietnam), Department 
of Agronomy, NLU, RCRDC (under Vietnam Academy 
of Agricultural Sciences (VAAS) with international 
organizations such as CIAT, IDRC, Viet Nga, and 
Viet Tiep aimed at collecting, evaluating, using and 
preserving genetic resources of tubers and biodiversity 
[18, 19]. Similarly, VNCP collaborated with VEDAN 
and Ajinomoto to undertake a research and development 
program for cassava production, processing, and 
consumption markets.

Period 1991-2000: Characterised by an in-depth 
exploration of cassava production, processing, and market 
dynamics, this phase witnessed the selection of varieties 
with high starch yield and broad adaptability, tailored 
for starch and cassava chip export. Key varieties during 
this period included KM94, KM98-1, and SM937-26. 
The collaboration between VNCP and CIAT since 1988 
brought about a notable transformation in the Vietnamese 
cassava program, leading to a robust national initiative 
for production, processing, and market expansion, as 
underscored in the Vietnam Cassava Strategy Workshop 
in Hanoi [20].

Some cassava varieties imported from CIAT Thailand, 
such as Rayong 60 and KU50, exhibited high starch yield 
through the cassava variety evaluation network. Further 
selection in Vietnam resulted in KM60 and KM94, 
respectively, which received certification from MARD 
in 1992 and 1995 [21-24]. Additionally, the selection and 
development of cassava variety SM937-26, derived from 
hybrid cassava seeds imported from CIAT Colombia and 
CIAT Thailand, occurred during this period [21, 22, 25-27].

Cassava variety KM94 (KU50) boasted a fresh tuber 
yield of 33.0 tons/ha with a starch content of 28.7%, 
exhibiting a wide adaptability spectrum suitable for 
Vietnam’s cassava starch processing industry. KM94 was 
complemented by varieties KM98-1 and SM937-26. 

Cassava variety KM98-1, with its high starch yield, 
was a versatile variety with a short growth duration, 
suitable for fresh consumption. It served as a valuable 
supplement and replacement for cassava varieties HL23, 
HL24, HL20, and Xanh Vinh Phu, which were renowned 
for their delicious taste and suitability for both fresh 
consumption and animal feed during this period.

Cassava variety SM937-26, characterised by high dry 
cassava chip yield, starch yield, drought tolerance, and 
disease resistance, underwent continuous improvement 
and upgrading from this period onwards. It eventually 
evolved into cassava variety KM7, an elite version 
of KM505, KM397, and KM937-26 x BKA900. The 
breeding and selection of this elite line from cassava 
crosses were conducted in Vietnam, following the method 
of selecting cassava lines from double haploid hybrid 
using CIAT technique [28-32]. Backcrossing, selective 
breeding, and sexual hybridisation were continuously 
implemented, resulting in cassava variety KM534 
(KM397 x KM539). The results of multi-site testing, 
pilot model building, multiplication, and dissemination 
of cassava variety KM937-26 over many seasons were 
documented by numerous authors [33-37].

Cassava variety KM98-1: The method of pedigree 
selection was applied to develop KM98-1 from the 
hybrid of Rayong 1 x Rayong 5 in Vietnam [38-40]. The 
KM98-1 shares the same genetic pedigree as the widely 
popular Rayong 72 cassava variety in Thailand. In 
Cambodia, KM98-1, also known as cassava variety 81, 
thrived and showed promising results in Vietnam, Laos, 
and Myanmar. Another improved version of KM98-
1, known as NA1 cassava variety in Vietnam, emerged 
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from the cooperation between Vietnam, Laos, Cambodia 
in transferring cassava seed technology advances and 
CIAT’s Asian cassava program. At the 2000 Technical 
Innovation Contest, KM98-1, together with KM98-5, 
received the gold medal for Vietnamese brand, awarded 
by the People’s Committee of Can Tho city and the 
Organising Committee of the Can Tho International Fair 
[1].

Period 2001-2010: Vietnam witnessed the emergence 
of a second wave of breakthrough cassava varieties, 
characterised by the crossing and selection to develop 
varieties with high starch yield, short growth duration, 
and suitability for diverse ecological regions. The primary 
aim was to meet the demands of starch and cassava 
chip production. Prominent varieties during this period 
included KM94, KM140, KM98-5, KM98-7, KM98-
1, and KM397 (an improved version of SM937-26). 
Supported by the MARD from 2001 to 2005, the VNCP 
led a project on the development of cassava varieties. 
This initiative, chaired by the Institute of Agricultural 
Science for Southern Vietnam, closely collaborated with 
the CIAT Nippon project, VEDAN company, and cassava 
processing factories. The project’s primary objective was 
to propagate key cassava varieties for starch and cassava 
chip production and distribute them to cassava-growing 
provinces nationwide. 

A summary of cassava achievements and the three 
main lessons learned 6M, 10T, and 1F, focusing on the 
conservation and sustainable development of cassava 
in Vietnam, highlighted the preservation of rare genetic 
resources and the introduction and development of cassava 
lines from target-oriented hybrids. These efforts linked 
Vietnam’s agricultural research, extension, and teaching 
system with a network of farmers, processors, consumers, 
and management businesses, facilitating comprehensive 
development [25, 26, 41]. The breakthrough achievements 
of this period included the selection and development 
of cassava varieties with an ideal plant shape, compact 
canopy, few branches, high harvest index, increased 
planting density, and superior fresh tuber yield and 
starch content. These varieties exhibited a shorter growth 
duration compared to the KM94 cassava variety, making 
them suitable for various ecological zones. Consequently, 
Vietnamese cassava varieties boasted super starchy tubers, 
compact canopies, short growth durations, and enhanced 
disease resistance [42].

In the northern region, 70-90% of farmers cultivated 
popular cassava varieties such as KM94, KM98-7, La 
Tre, KM95-3, and Xanh Vinh Phu during this period. 
These varieties were favoured for their high starch yield 
and versatility, making them suitable for local farming 
conditions. Farmers preferred readily available varieties 
for self-multiplication [43-45]. 

In the central region, 80-100% of farmers grew 
popular cassava varieties like KM94, KM140, KM98-5, 
KM98-1, and SM937-26 due to their high starch yield. 
Cassava variety KM98-1 was identified as multi-purpose, 
possessing high starch yield, low HCN content, and 
suitability for both industrial and human consumption 
[46-49]. 

In the southern and central highlands, 80-100% 
of farmers cultivated the main commercial cassava 
varieties, including KM94, KM140, KM98-5, KM98-1, 
and SM937-26. Among these, KM140 and KM98-5 were 
particularly popular during this period [50-53].

Cassava variety KM94 demonstrated widespread 
adaptability as a result of the “Developing cassava 
varieties” project supported by MARD. By 2010, it 
covered 75.5% of the nationwide cassava area. Following 
KM94 were KM140, KM98-5, KM98-1, SM937-26, 
KM98-7, HL23, and Xanh Vinh Phu, accounting for 
5.40, 4.50, 3.24, 2.70, 1.44, 1.08, 2.70, and 3.40% of the 
total cassava area, respectively [54].

KM140, KM98-7, KM98-5, KM98-1, SM937-26, 
and KM94, the main cassava varieties, were widely 
adopted by numerous cassava producers, processors, and 
consumers. The KM140 cassava variety, renowned for 
its high starch yield, clinched the first prize at the Vifotec 
National Technical Innovation Contest, Government of 
Vietnam 2010, held at the Hanoi Opera House on January 
19, 2010 [51, 55].

Period 2011-2015: Vietnamese cassava varieties 
entered a third-wave breakthrough, focusing on research 
and development for starch and biofuel production [56]. 
Efforts centred on selecting and transferring cassava 
varieties with high starch yield, ideal canopy shapes, 
resistance to major pests and diseases, and suitability for 
diverse farming conditions. However, this period also 
witnessed the emergence and spread of various diseases, 
such as cassava witches’ broom disease (CWBD) caused 
by Phytoplasma in 2009 and caused serious damage 
to cassava variety KM94 in Quang Ngai [57]. In 2011, 
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Vietnamese cassava infected, cassava bacterial blight 
(CBB) in 2011, red spiders and pink mealy bugs in 
2013, and cassava mosaic disease (CMD) in 2017. The 
structure of Vietnamese cassava varieties suitable for this 
period was KM419, KM94, KM440, KM140, KM397 
(=KM505), KM98-5, KM98-1, KM98-7, KM444 
(STB1), KM414 (KM325 x La Tre).

During this period, the primary cassava variety 
KM419 (BKA900 x KM98-5) and KM440 (mutant 
KM94) integrated a super starch gene and exhibited 
resistance to cassava bacterial blight disease (CBB), 
cassava witches’ broom disease (CWBD), and were 
less susceptible to red spider mites, pink mealy bugs, 
and tuber rot disease. They boasted a compact canopy, 
few branches, and produced uniform and aesthetically 
pleasing tubers. Consequently, numerous proficient 
farmers within the VNCP network swiftly propagated 
these varieties, leading to a rapid transformation in 
the cassava variety structure in southern provinces [1, 
58-61]. KM419, the primary cassava variety, and the 
popular KM440 accounted for nearly 85% of the cassava 
cultivation area in Phu Yen province. This resulted in the 
average cassava yield increasing from 17 tons/ha in 2016 
to over 23.5 tons/ha in 2018, contributing more than 
293.25 billion VND to the province’s economy [62].

Cassava varieties KM101, HLS10, HLS11, HLS12, 
KM21-12, and Sa06 were imported, selected, and 
introduced into production concurrently during this 
phase [63-66]. According to K.C. Tran (2012) [50], three 
cassava varieties, namely KM140, KM98-5, and KM94, 
had become the primary cassava varieties in the Southeast 
and Central Highlands ecological regions. Subsequently, 
the VNCP initiated a state-level project to evaluate 
the most promising national cassava varieties across 
ecological regions throughout the country [67, 68]). The 
findings identified the most prominent cassava varieties 
for various regions, including 1) Northern midland and 
mountainous regions: KM444 (also known as HL2004-28 
or SVN7); KM414 (also known as HL2004-32 or SVN8); 
KM419 (also known as SVN5); 2) North Central region: 
KM444, KM419, KM414; 3) South Central region: 
KM444, OMR35-8 (also known as SVN9); GM155-7 
(SVN10); 4) Southeast region includes KM419, KM444, 
KM414. KM419, in particular, was widely embraced by 
farmers due to its consistently high yield, excellent pest 
resistance, short growth duration, and ideal plant shape 
[1, 58].

Period 2016-2020: Marked a significant breakthrough 
in Vietnamese cassava varieties, characterised by the 
selection of varieties with high starch yield, resistance to 
major pests and diseases, and suitability for cultivation 
in diverse ecological regions. The cassava revolution 
in Vietnam gained international recognition at the 
Global Cassava Conference in Nanning, China. Five 
new Vietnamese cassava varieties were unveiled at this 
conference: KM419, KM440, KM444, KM414, and 
KM397 [5, 69]. However, the emergence of cassava leaf 
mosaic virus disease (CMD) in Tay Ninh in May 2017 
led to a crisis affecting 17 provinces in the Southeast, 
South Central Coast, and North Central regions [6]. 
Following the CMD outbreak, popular cassava varieties 
for adaptive production included KM440, KM419, 
KM94, KM140, KM98-5, KM7 (also known as KM505 
or KM397 or improved SM937-26), STB1 (KM444), 
KM414 (KM325 x La Tre), KM98-7, KM98-1, and HN1. 
According to K. Hoang, et al. (2018) [1], H.H. Le, et al. 
(2016) [5], and M.T.T. Nguyen (2017) [70], the five new 
cassava varieties KM419, KM440, KM444, KM397, and 
KM414 showed the most promise among Vietnamese 
cassava varieties during this period. Notably, KM419 
emerged as the primary cassava variety widely cultivated 
in provinces such as Tay Ninh, Dong Nai, Dak Lak, and 
Phu Yen.

Cassava variety KM414, originating from testing 
cassava variety KM101, demonstrated high yield and 
resistance to some pests and diseases, particularly suited 
to the Southeast and Central Highlands regions [71]. 
However, it exhibited the drawback of yellow flesh and 
slight susceptibility to cassava brown leaf spot disease, 
bacterial blight of cassava, and red spider mites. KM101, 
initially named CMR 29-56-101 and imported from 
Thailand. According to K. Hoang, et al. (2006b) [26], 
KM101 cassava variety was imported from 3020 + 1982 
cassava seeds from CIAT Thailand (import ticket number 
No. 28885), and underwent breeding by the NLU research 
team. It was crossed with La Tre to create KM325, later 
backcrossed to produce KM414 with white flesh, albeit 
with some susceptibility to diseases, alongside the widely 
adapted KM98-7 variety in the North (Fig. 1). 

Cassava variety STB1: Evaluation results by T.D. 
Pham, et al. (2019) [72] highlighted STB1’s high yield 
potential, ranging from 39.0 to 48.9 tons/ha, with 
increased productivity compared to the control variety 
KM94. Starch content in STB1 reached from 26.01% to 
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29.82%, making it highly regarded locally for raw material 
production in cassava factories. However, preferences 
varied regionally, with STB1 and KM7 favoured in the 
South-Central cassava region [73, 74], while STB1 and 
KM414 were preferred in the North Central Coast and 
Northern midland mountain areas [67, 68]. 

Period 2021 - present: The Vietnamese cassava 
variety programme has achieved a breakthrough in the 
fifth wave, focusing on selecting the main commercial 
cassava varieties in Vietnam to attain high starch yield, 
resistance to major pests and diseases, and an ideal 
cassava plant shape suitable for diverse ecological 
regions. T.T.K. Nguyen, et al. (2021) [75] highlight the 
significance of developing cassava varieties resistant to 
viruses as a key strategy in controlling CMD. The study 
suggests that resistant varieties can be developed using 
genetic technologies such as RNAi and gene editing, or 
by utilising naturally resistant gene sources, with the latter 
being deemed the most promising solution. Meanwhile, 
V.A. Nguyen, et al. (2021) [76] published descriptions 
and identified some popular cassava varieties in Vietnam. 
In another study, A.N. Le, et al. (2021) [77] determined 
the biological characteristics of the whitefly (Bemisia 
tabaci) on the four cassava cultivars KM419, H34, 
KM98-7 and KM94 under laboratory conditions at 30°C 
and 70% relative humidity. 

Cassava variety HN1 (TMEB419) gained attention 
at the Conference on the current status and development 
orientation of cassava in Vietnam in October 2023. 
According to X. Zhang, et al. (2023) [78], organisations 
including AGI, CIAT, JICA, and FAO agreed to prioritise 
the rapid multiplication of six CMD-resistant cassava 
varieties, including HN1, HN3, HN5, HN36, HN80, and 
HN97. Originating from TMEB419, HN1 is regarded as 
the best-imported cassava variety in the CMD-resistant 
cassava variety source, boasting a standard CMD-
resistant disease score level of 1, a fresh tuber yield of 
42.5 tons/ha, and a starch content of 27.5%. However, it 
exhibits lower adaptability compared to common cassava 
varieties, along with a slightly lower starch content and 
taller stature [79].

Cassava varieties Sa06, 13Sa05 and BK have shown 
promise in Northern Vietnam and Nghe An province. 
According to H.T.T. Pham, et al. (2017, 2018, 2021) 
[80-82], Sa06 demonstrated high quality after selection 

and development efforts, while 13Sa05 and BK offer 
short growth durations and high yields, suitable for early 
harvesting to avoid floods.

Cassava variety HL S12, H.H. Nguyen, et al. 
(2021) [83] selected and tested cassava variety HL-
S12 originating from the cross combination HL-S10 × 
KM140 and evaluated this variety at Hung Loc Center 
from 2014 to 2021. The results showed that HL-S12 
was quite resistant to cassava witches’ broom disease, 
red spider, and mosaic leaf disease. Productivity varied 
from 36.02-42.34 tons/ha; starch content reached 26.1-
27.1%, starch yield ranged from 9.42-12.64 tons/ha, 
which is an increase of 7.5-13.5% compared to control 
(KM140) and by 4.5-13.4% compared to KM94 [83]. 
Large-scale testing of cassava variety HL-S12 from 
2019 to 2020 in the Southeast and Central Highlands 
regions demonstrated a 2-year yield from 34.6-47.7 tons/
ha and selling price ranges from 1,900-2,200 VND/kg 
depending on locality. Profits reached from 33.4-72.5 
million VND/ha, an increase of 47-134% compared to 
the control variety. 

Cassava variety KM7 and KM140: According to 
P.T. Nguyen (2021) [74], the development of technical 
measures for cultivating high-yield cassava varieties 
in Khanh Vinh and Khanh Hoa identified two cassava 
varieties SM937-26 and KM140 as two economically 
effective cassava varieties, suitable for Khanh Hoa area. 
Fresh tuber yield of the cassava variety SM937-26 (New 
name as KM7) was 43.1-45.7 tons/ha, 27.3-50.7% higher 
than the control KM94, with starch content of 26.2-27.5%. 
This variety produced a starch yield ranging from 11.3-
12.6 tons/ha and demonstrated good lodging resistance 
and drought tolerance, with slight susceptibility to 
cassava witches’ broom disease. Cassava variety KM140 
had a yield of 43.0-47.2 tons/ha, 31.5-50.3% higher than 
the control KM94, a starch content 25.5-26.1%, and a 
starch yield ranges from 11.2-12.0 tons/ha.

Cassava varieties KM568, KM537, KM539, KM569, 
KM94* are subject to regulations governing the DUS and 
VCU testing. These regulations align with the circular 
governing the testing and recognition of new agricultural 
plant varieties issued by the MARD, as stipulated in the 
Law on Cultivation No.31/2018/QH14, effective January 
1, 2020. The purpose of these regulations is to prevent 
the premature propagation of cassava varieties that 
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have not undergone rigorous testing and lack sufficient 
self-declaration information. This measure aims to 
mitigate potential damage to the investments made by 
farmers, businesses, and stakeholders across the cassava 
production, processing, and business value chain [84].

M.T.T. Nguyen, et al. (2021, 2024) [10, 11] proposed 
solutions for sustainable cassava development in the 
period 2021-2025 in Phu Yen province recommend 
a selection of Vietnamese cassava varieties. These 
include KM568, KM539, KM537, KM569, KM94*, 
HN1, KM440, KM419, KM7, STB1, KM414, KM98-7, 
KM140, and KM98-1. Among these, cassava varieties 
KM568, KM539, and KM537 exhibit high starch yield 
and resistance to major pests and diseases, coupled with 
a short growth duration. Notably, the Phu Yen yellow 
cassava variety, KM569, is particularly esteemed for its 

taste. These four new cassava varieties hold potential 
to address the current production requirements of the 
Southeast region, the Central Highlands region, and 
the South-Central Coast cassava region. The existing 
structure of Vietnamese cassava varieties stems from 
a robust cassava genetic foundation, representing a 
primary solution for sustaining and advancing cassava 
cultivation.

4. Promising cassava varieties for the cassava 
program in Vietnam 	

H. Ceballos, et al. (2021) [92] reviewed the results of 
global cassava breeding over the past 50 years. Vietnam’s 
cassava breeding program consulted CIAT’s cassava 
breeding achievements and lessons from advanced 
countries to choose the appropriate method for the VNCP. 

Table 1. Progress of Vietnamese cassava varieties 1975-present with 16 popular cassava varieties and 4 promising 
cassava varieties KM568, KM537, KM539, KM569.

Varieties/
author/year of 
certification

Parents/genetic genealogy
Growth 
duration 
(month)

Fresh root yield 
(tons/ha)

Root starch 
content (%)

Root starch yield 
(tons/ha)

Harvest 
index HI (%)

KM568(10) KM440 x (KM419 x KM539) 8-10 54.0 28.4 15.3 65

KM537(10) (KM419 x KM539) x KM440 8-11 51.3 28.3 14.6 64

KM539(10) C39* select C39 from CIAT 8-10 45.9 27.9 12.8 61

KM569(10) (SM2949-1 x HL23) x KM539 7-9 36.0 26.3  9.5 63

HN1(7a, 7b) TMEB419 8-10 42.5 27.5 11.7 61

KM419(5, 6, 9, 10) BKA900 x KM98-5 8-10 49.6 28.9 13.9 64

KM440(5, 6, 9, 10) KM94 mutation 8-10 48.7 28.7 12.3 61

KM397(5, 6, 9, 10) SM937-26 x BKA900 8-10 45.6 28.4 11.8 63

KM444(5, 6, 9, 10) XVP x GM444-2 9-11 43.8 27.9 10.4 63

KM414(5, 6, 9, 10) KM325 x La Tre 8-10 41.4 27.8 11.3 62

KM7(8, 10) SM937-26 x BKA900 8-10 40.0 27.9 10.3 65

HLS12(4) HL-S10 x KM140 8-10 38.4 26.6  9.6 62

KM101(4) CMR 29-56-101 8-10 45.0 27.7 12.5 64

KM140(2) (R5xR1) x KM36 8-10 39.6 28.1 10.3 67

KM98-7(3) SM1717 x CM321-188 9-11 31.9 27.3  9.3 65

KM98-5(2) R90 x KM98-1 8-10 34.5 28.5  9.8 63

KM98-1(2) R1xR5 seed from CIAT 8-10 32.2 27.6  8.9 66

SM937-26(2) seeds SM937 from CIAT 8-10 32.6 28.3  9.5 64

KM94(2) KM50 from Thailand 9-11 33.0 28.7  9.5 54

HL23(1) Local variety 8-10 29.8 25.3  7.5 53

Source: (1): [20]; (2): [85]; (3): [27]; (4): [71, 83]; (5): [1]; (6): [5]; (7): [78, 79]; (8): [73, 74]; (9): [86-89]; (10): [10, 11, 70, 90, 91].
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Some promising cassava varieties have been identified 
and introduced in Tables 2 and 3 after DUS and VCU 
trials in Vietnam [11]. 

The goals of the cassava genetic improvement 
program in Vietnam for the period 2021-2025, with a 
vision to 2030, are as follows:

1. To increase yield potential, dry matter content, 
starch content, and resistance to a number of major 
diseases (mainly CMD and CWBD).

2. To choose a cassava variety with an ideal cassava 
plant shape: straight plant, 2.5-2.9 m height, few 
branches, many tubers, uniform, suitable for increased 
planting density, and capable of early harvesting.

3. To identify high-yielding, key pest-resistant 
varieties suitable for different agro-ecological zones 
and promote their integration into smallholder farming 
systems.

4. To select the best key commercial cassava varieties 
to serve starch production, processing, and exportation. 
Therefore, the selection, breeding, and testing of DUS 
and VCU [93] helped determine selection and breeding 
strategies to increase cassava productivity, agricultural 

digital transformation, and to build the Vietnamese 
cassava brand.

5. There are many new cassava varieties that have 
been bred and selected to be suitable for human food, 
dining, and ecotourism purposes, delicious, rich in 
carotene, yield >25 tons/ha, not bitter, low HCN content 
<5 mg/100 g fresh tubers. 

Thanks to the financial support of the Phu Yen 
Province, research and breeding of cassava varieties with 
high starch yield, resistance to major pests and diseases, 
and suitability to the production conditions of Phu Yen 
province and other ecological regions met an urgent 
demand from farmers. The objectives were to select and 
create cassava varieties with high starch yield (at least 
10% higher than controls KM419 and KM94), resistant 
to major pests and diseases, with a grade 1-2 disease score 
for CMD, and cassava witches’ broom disease (CWBD), 
under production conditions in Phu Yen province. The 
research method was carried out according to VNCP 
& CIAT standards “Technological process of hybrid 
cassava selection and breeding”. The results identified 
three promising cassava varieties KM568, KM539, and 
KM537 (Table 3).

Table 2. Fresh root yield (tons/ha) of ten cassava varieties in eight cassava variety trials in Phu Yen province in 2022-2023.

Varieties

Trials of 27 cassava 
varieties

DUS experiments with ten 
cassava varieties

VCU experiments with ten cassava varieties
Average 
fresh tuber 
yield (tons/
ha)

Dong Xuan Song Hinh

Spring Summer Spring Summer Spring Summer Spring Summer

KM568 54.7 52.7 55.4a 50.7a 55.7a 51.2a 58.3a 53.3a 54.0

KM569 38.5 35.8 37.5d 33.6cd 36.8d 33.6c 39.1de 33.1g 36.0

KM539 48.6 43.5 47.2abc 41.5b 47.5bc 42.6b 49.6c 46.7cd 45.9

KM440 53.7 51.9 52.6a 45.9ab 54.3ab 47.5ab 56.3ab 51.4ab 51.7

KM419 52.9 47.7 49.5ab 48.7a 48.8ab 46.4ab 50.6c 48.2bc 49.1

KM537 55.6 47.6 53.4a 48.7a 55.5a 49.1a 52.4bc 48.1bc 51.3

KM536 52.4 45.5 51.6a 47.6a 51.5ab 45.8ab 51.8bc 43.4de 48.7

KM535 38.9 38.7 39.8cd 35.9c 38.6d 357c 42.3d 38.9ef 38.6

KM534 44.7 36.5 42.5bcd 35.4c 41.3cd 36.9c 40.4d 39.1ef 39.6

KM94* 35.8 31.2 37.6d 30.5d 37.5d 32.5c 35.4e 34.7fg 34.4

CV (%) 6.88 4.48 6.23 5.56 4.26 4.23

F test 13.6** 47.1** 20.5** 25.8** 44.1** 42.7**

In the same column, numbers with the same letters indicate statistically insignificant differences; ns: the difference is not meaningful; 
**: meaningful difference α=0.01; TB = Average. Source: [11].
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KM568, a hybrid of KM440 x (KM419 x KM539), 
yielded fresh tubers at 54 tons/ha (56% higher than KM94 
and 10% higher than KM419); starch content reached 
28.4% at harvest after planting 10 months, resistant to 
CMD at a level of 1.5 and resistant to CWBD at a level of 
1, with less tuber rot, red spider mite, and pink mealy bug; 
a harvest index of 0.63, uniform tuber size, 8-14 tubers/
root, white flesh; with the ideal new plant type shape: 
straight and compact, erect stems, short internodes, less 

branching, plant height of 2.3-2.7 m, suitable for high 
planting density of 14,285 cuttings/ha.

KM539 cassava variety was selected from the original 
C39 cassava variety imported from CIAT in 2004, which 
was selected and improved through many cycles, using 
technologies of double haploid hybrid cassava lines 
from CIAT & VNCP standards. The fresh tubers yield 
of KM539 was 45.9 tons/ha (33% higher than KM94 but 

Table 3. Characteristics of cassava varieties KM568, KM539, KM537, and KM440, KM419, KM94 as checks.

QCVN and UPOV criteria 
for evaluating cassava varieties KM5686 KM5395 KM537 KM4403 KM4192 KM94*1.4

Growing duration (month) 8-10 8-11 8-11 8-10 8-10 9-11

Fresh tuber yield (tons/ha) 54.0 45.9 51.3 51.7 49.1 34.4

Yield potential (tons/ha) 70.0 50.0 50.0 60.0 60.0 40.0

Dry matter ratio (%) 40.0 39.1 39.9 39.6 40.3 40.5

Starch content (%) 28.4 27.9 28.5 28.3 28.8 28.6

Starch yield (tons/ha) 15.1 12.4 14.6 14.0 14.1 9.8

Productivity of dried chips (tons/ha) 21.6 17.9 20.5 20.4 19.8 13.9

Main pest resistance

+ Leaf mosaic virus CMD 1.5 1.0 1.5 2.0 3.0 3.0

+ Cassava witches’ broom disease (CWBD) 1.0 1.0 1.0 1.0 1.0 3.0

+ Leaf blight disease (CBB) 2.0 2.0 2.0 2.0 2.5 2.5

+ Root rot disease 2.0 2.5 2.0 2.5 2.5 2.5

+ Pink mealy bug 3.0 3.0 3.0 3.0 3.0 3.0

+ Red spider 3.0 3.5 3.5 3.0 3.0 3.0

Characteristics DUS similar to cassava

+ Plant evaluation score 10 9 9 10 10 8

+ Root evaluation score 10 9 9 10 10 9

+ Harvest index (%) 63 61 64 64 61 57

+ Plant height (m) 2.3-2.7 2.7-3.0 2.5-2.9 2.3-2.7 2.3-2.7 2.8-3.5

+ Straight and curved plant shape Straight Straight Straight Straight Straight Curved

+ Degree of branching Little Little Little Little Little Little

+ Stem colour Green grey Green brown Green brown Green grey Green grey Green brown

+ Leaf colour Green purple Green purple Green purple Green purple Green purple Purple

+ Leaf stem colour Green red Green red Green red Green Green red Green

+ Number of tubers per stem (tubers/root) 8-14 7-12 7-12 8-14 8-14 6-11

+ Outer skin colour White grey Brown grey Brown grey White grey White grey Brown grey

+ Flesh colour Cream Cream Cream Cream Cream Cream

+ Cassava root form Cylinder Cylinder Cylinder Cylinder Cylinder Cylinder
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7% lower than KM419); starch content reached 27.9% at 
harvest after planting 10 months, resistant to CMD at a 
level of 1.0; resistant to CWBD at a level of 1, with less 
tuber rot, red spider mite, but medium pink mealy bug; 
a harvest index of 0.61, uniform tuber size, 7-12 tubers/
root, white rood flesh; with an ideal new plant type shape: 
straight, compact, and erect stems, short internodes, less 
branching, plant height of 2.7-3.0 m, suitable for high 
planting density of 14,285 cuttings/ha.

According to the DUS technical description of UPOV 
plant variety protection: variety name, variety author, 
year of publication: (1) Cassava variety KM94 [21, 85]; 
(2) Cassava variety KM419 [58]; (3) Cassava variety 
KM419 and cassava variety KM440 [70]; (4) The cassava 
variety K94* had been upgraded by sexually crossing 
KM94 x KM539 to add the CMD and CWBD resistance 
genes of KM539 into the widely adapted cassava variety 
KM94; (5) KM539 cassava variety was developed from 
the original C39 cassava variety imported from CIAT in 
2004, and had been trained and upgraded through many 
cycles, using techniques and technology to create double 
haploid hybrid cassava lines (doubled haploid). CIAT & 
VNCP standards [56, 59]; (6) Cassava variety KM568, the 
cross of KM440 x (KM419x KM539) criteria evaluated 
and compared with V.A. Nguyen, et al. (2021) [76].

KM537, a hybrid of (KM419 x KM539) x KM440, 
yielded fresh tubers at 51.3 tons/ha (49% higher than 
KM94 and 4.5% higher than KM419); starch content 
reached 28.5% at harvest after planting 10 months, 
resistant to CMD at a level of 1.5; resistant to CWBD at 
a level of 1, with less tuber rot, red spider mite; a harvest 
index of 0.64, uniform tuber size, 7-12 tubers/root, white 
flesh; ideal new plant type shape: straight and compact, 
erect stems, short internodes, less branching, plant height 
of 2.5-2.9m, suitable for high planting density of 14,285 
cuttings/ha.

KM569, the Phu Yen yellow cassava variety, is a 
cassava variety that is prioritised for preserving delicious 
fresh cassava gene sources. KM569 cassava variety was 
selected through 8 cycles with two trials groups of 27 
cassava varieties, two DUS trials of 10 cassava varieties, 
and 4 basic trials of 10 cassava varieties in spring and 
summer crops on red and grey soils in Phu Yen province 
(Tables 2 and 3).

5. Conservation and sustainable development of 
Vietnamese cassava 

The project titled “Conservation and sustainable 
development of cassava in Vietnam” yielded significant 
success, evidenced by trial and demonstration results in 
Tay Ninh, Dak Lak, Phu Yen, and Dong Nai provinces. 
Farmers adopting improved technologies and practices 
saw cassava yields surge from 8.5 tons/ha to 36 tons/ha, 
marking a more than fourfold increase. This outcome 
encapsulates the culmination of Vietnamese cassava 
breeding progress from 1975 to 2016, prioritising the 
preservation and development of suitable and sustainable 
cassava varieties [1]. Recent advancements in selecting 
Vietnamese cassava varieties and implementing ten 
techniques for intensive cassava farming were showcased 
through key demonstrations in Tay Ninh, Dak Lak, and 
Phu Yen provinces, predominantly employing cassava 
variety KM419. This variety boasted a fresh tuber 
yield of approximately 42-55 tons/ha (28% higher than 
KM94), starch content ranging from 28-31%, early 
maturity, and an ideal tuber and plant shape, suitable 
for increased planting density [5]. The combined usage 
of cassava varieties KM419 and KM440, alongside ten 
cassava intensification techniques, produced remarkable 
transformational outcomes in trials across the three 
provinces [86, 94, 95]. Notably, KM419 and KM440 
comprised nearly 85% of the cassava area in Phu Yen 
province in 2019. 

The high-yielding KM440 cassava variety, resistant 
to CMD disease at level 2, underwent traditional 
crossbreeding with the elite clone of (KM419 x 
KM539) - a high-yield, CMD-resistant variety at level 
1. Subsequently, line selection was conducted using the 
pedigree method to identify cassava varieties with high 
starch yield, pest and disease resistance, short growth 
duration, and optimal plant shape. This approach presents 
a feasible and effective solution for sustainable cassava 
development [10]. KM440 and KM419 currently account 
for 54% of the cassava area in Tay Ninh and over 60% in 
Dak Lak province while awaiting the conversion of more 
disease-resistant cassava varieties.

The project “Research on developing cassava 
varieties with high starch yield, resistance to major pests 
and diseases, suitable for production conditions in Phu 
Yen province” has expanded its research scope to address 
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the needs of impoverished communities in challenging 
areas, characterised by indigenous minority groups and 
unique farming practices. The adoption of promising 
cassava varieties KM568, KM539, KM537, and KM569, 
coupled with the establishment of an efficient 10T 
cassava cultivation model, emerges as a key solution to 
preserve and develop sustainable cassava programs in 
Phu Yen province. In addition to the promising cassava 
varieties such as KM568, KM539, and KM537, which 
offer high starch yield and resistance to CMD leaf mosaic 
disease, Vietnam’s cassava program today must focus on 
preserving and disseminating the Phu Yen yellow cassava 
variety KM569. The hybridisation of cassava varieties at 
CIAT, seed hybridisation, and selection in Vietnam are 
illustrated in Fig. 1, Tables 1-3 [11].

The Phu Yen yellow cassava variety KM569, a 
hybrid of SM2949-1 x HL23 x KM539, is the outcome 
of sexual hybridisation between the yellow cassava 
variety developed by H. Ceballos (2018) [28] (SM2949-
1 x HL23) and cassava variety KM539 under the Phu 
Yen cassava project [11]. The hybrid cross SM2949-1 
x HL23 involved backcrossing the SM2949-1 cassava 
variety, renowned for its delightful fresh taste, with the 
Vietnamese cassava variety HL23. The selected cassava 
variety HL23, with the CIAT conservation variety code 
of HMC1, yielded 29.8 tons/ha with a starch content of 
25.3% [15]. KM569 cassava exhibits excellent boiling 
quality, with orange-yellow flesh, a fresh tuber yield of 
36 tons/ha, and a starch content of 26.3%. It is resistant 
to CMD virus leaf mosaic disease at level 1.5, resistant 
to CWBD cassava witches broom disease at level 1, 
and shows resistance against major pests and diseases 
affecting cassava. This variety boasts an ideal cassava 
plant shape, with a harvest index of 61-63%, uniformly 
large tubers, 6-11 tubers per root, a smooth tuber shape, 
straight plant canopy, a plant height of 2.7-2.9 m, with 1.5-
2.3 plants per bush, minimal branching, and suitability 
for high planting density of 14,500 cuttings/ha. 

The provincial science and technology project 
“Research on developing cassava varieties with high 
starch yield, resistance to major pests and diseases, 
suitable for production conditions in Phu Yen province” 
has garnered attention from agricultural industries, 
households engaged in cassava cultivation, and has 
opened up numerous prospects for the Phu Yen cassava 
program [96, 97].

Based on the aforementioned results, five critical 
issues require special attention in current cassava 
production in Vietnam:

1. Cassava varieties with high starch yield, resistant to 
main pests CMD, CWBD, suitable for local production 
conditions.

2. Ten techniques for intensive cassava farming (10T).

3. Building gardens to develop lines from the most 
elite hybrid cassava combinations.

4. Applying technology to improve the agricultural 
value chain, especially cassava varieties and raw material 
areas, and communication to connect markets.

5. Developing appropriate and sustainable cassava 
production and consumption systems.

The ten techniques for intensive cassava farming 
(10T) encompass:

1. Utilising the best cassava cuttings of the most 
suitable cassava variety.

2. Identifying the optimal planting and harvest times to 
achieve maximum starch yield and economic efficiency.

3. Applying NPK fertiliser combined with microbial 
organic fertiliser and manure to enhance soil fertility and 
increase productivity.

4. Determining the optimal planting density for the 
best cassava varieties and suitable soil types.

5. Implementing IPM integrated control measures for 
pest-resistant cassava varieties.

6. Intercropping cassava with peanuts and legumes, 
planting cover crops with beans, and rotating crops 
suitable for the locality.

7. Implementing weed control measures, including 
timely weeding, herbicide application, mulching, and 
appropriate crop rotation.

8. Employing suitable land preparation techniques for 
cassava cultivation to protect soil fertility against erosion.

9. Developing a water management system for cassava 
cultivation.

10. Providing training on effective and appropriate 
cassava production, processing, and consumption value 
chains. 
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The cassava industry currently faces an imbalance 
between raw materials and processing products. 
Existing cassava raw material areas fail to meet factory 
requirements. Cassava and cassava product exports 
have exceeded 1 billion USD, with China being the 
primary consumer market [98]. While Vietnam’s cassava 
selection and breeding technology connects OCOP with 
the new rural program, the production, processing, and 
consumption chain remains inadequate, resulting in a 
limited range of deeply processed products. Preserving 
and developing suitable and sustainable cassava varieties 
present both a new challenge and an opportunity.

6. Conclusions

Vietnamese cassava progression (1975 - present) 
has evolved through six stages, with five waves of 
restructuring cassava varieties to meet target orientation, 
farming conditions, and market requirements, resulting 
in the identification of 16 popular cassava varieties and 4 
promising cassava varieties.

The current structure of Vietnam’s cassava varieties 
necessitates the preservation and conservation of popular 
varieties suited to Vietnam’s ecological regions, such as 
KM440, KM419, KM94, KM7, STB1, KM414, KM98-
7, KM140, KM98-5, and KM98-1, while also promoting 
promising varieties like KM568, KM539, KM537, 
KM569, and HN1. 

Selecting cassava varieties with high starch yield and 
disease resistance, and establishing a suitable and effective 
cassava cultivation model of 10T for Vietnamese cassava 
varieties such as KM568, KM539, KM537, KM569, 
and KM94 (also known as KU50 or KM94, preserved 
and developed sustainably through multiple breeding 
and selection cycles in Vietnam), represents a pivotal 
solution for conserving and sustaining the development 
of appropriate cassava programmes.

Despite significant achievements in breeding, 
selecting, developing, testing, demonstrating, and 
disseminating new cassava varieties, the cassava variety 
supply chain still faces numerous shortcomings and new 
challenges. The current mixture of good and bad cassava 
varieties leads to production and investment losses. 

This literature review, titled “Progress in developing 
Vietnamese cassava varieties from 1975 to the present,” 
aims to summarise nearly 50 years of progress in 

enhancing Vietnamese cassava varieties. This compilation 
of information on Vietnamese cassava genetic resources 
is vital for the conservation and sustainable development 
of cassava programmes in Vietnam. 
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1. Introduction 

The freshwater prawn, Macrobrachium rosenbergii, 
is a tropical species commonly cultured in Asia, 
including Vietnam, due to its ability to thrive in diverse 
environments, ranging from freshwater to brackish water 
[1]. This species demonstrates optimal development 
within a salinity range of 0-15 ppt [2]. As noted by T.N. 
Hai, et al. (2020) [3], freshwater prawn emerges as a 
significant candidate for culture in the brackish waters of 
the Mekong Delta in Vietnam, particularly in response to 
salinity intrusion induced by climate change.

Biofloc technology has emerged as a sustainable 
aquaculture approach, contributing to reduced feed input, 
water consumption, and enhanced water quality [4, 5]. 
It has found widespread application in nursery phases 

of shrimp and prawns in recent years [6-9]. According 
to M.E. Hosain, et al. (2021) [8], rearing M. rosenbergii 
PL at a salinity of 10-15 ppt using biofloc technology 
resulted in improved survival and prawn production. 
Additionally, integrated aquaculture systems that co-
culture organic extractive aquaculture species (such 
as seaweed) with fed aquaculture species (like fish/
shrimp/prawn) offer both environmental sustainability 
and economic stability [10, 11]. N.T.N. Anh (2019) [12] 
revealed that co-culturing freshwater prawns with red 
seaweed Gracilaria tenuistipitata enhanced growth rates 
and survival, reduced feed costs, and maintained good 
water quality. Similar research on red seaweed integration 
with postlarvae of whiteleg shrimp [13] and black tiger 
shrimp [14] during the nursery phase significantly 
improved water quality and shrimp survival at high 
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density, with a significant difference among treatments (p<0.05). Furthermore, prawns in D1 and D1.5 exhibited 
significantly higher feed efficiency than those in D2 and D2.5. These findings suggest that nursery rearing of 
prawn PL at a density of 1,500 ind/m3 in a biofloc system integrated with red seaweed offers optimal growth 
and feed efficiency, while maintaining good water quality and conserving water resources.
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stocking densities compared to monoculture. Another 
study found that using red seaweed G. tenuistipitata in 
rearing crablets, Scylla paramamosain, greatly enhanced 
survival and provided an ideal culture medium for crab 
performance [15].

Several investigations highlight the benefits of the 
nursery phase for postlarvae of shrimps and prawns, 
including increased size uniformity, reduced predation, 
shorter pond grow-out cycles, more harvests per year, 
improved feed efficiency, and enhanced biosecurity [6, 
9, 16]. Stocking density is a critical factor influencing the 
growth, survival, productivity, and production efficiency 
of cultured species during the nursery phase [7, 13, 
14, 16, 17]. This study aims to determine the optimal 
stocking density of prawns concerning water quality and 
prawn performance in a biofloc system integrated with 
red seaweed under zero water exchange conditions. 

2. Materials and methods

2.1. Biological materials

High-quality all-male prawn M. rosenbergii postlarvae 
(PL12) were procured from a commercial hatchery in Bac 
Lieu province, Vietnam, and acclimatised in a 2 m3 tank 
for three days to adjust to experimental conditions. Red 
seaweed, G. tenuistipitata, was sourced from an improved 
extensive pond in Bac Lieu province. The specimens 
underwent thorough cleaning to remove sediments and 
fouling before acclimatisation to an experimental salinity 
of 10 ppt over three days.   

2.2. Experimental design, management and 
monitoring  

Prawn PL15 were reared in a biofloc system 
integrated with G. tenuistipitata under a transparent roof 
at the College of Aquaculture and Fisheries, Can Tho 
University, Vietnam. Four treatments were randomly 
assigned in triplicate with different stocking densities: 
1,000 (D1), 1,500 (D1.5), 2,000 (D2), and 2,500 PL/
m3 (D2.5). Initial prawn sizes were 0.012±0.001 g body 
weight and 1.13±0.05 cm total length. They were reared 
in 150 l tanks at a salinity of 10 ppt with continuous 
aeration to maintain dissolved oxygen levels of 5-6 mg/l. 
Red seaweed was added to the rearing tanks at a biomass 
of 1.5 kg/m3. During nursery rearing, water temperature, 
pH, and alkalinity in the rearing tanks fluctuated within 
the ranges of 25.1-28.3°C, 7.9-8.13, and 90-126 mg 
CaCO3/l, respectively.

To promote biofloc formation, carbohydrates 
(molasses containing 46.7% carbohydrate and 0.95% 
protein) were added to the rearing tanks after prawn 
stocking to maintain a C:N ratio of the biofloc system 
at 15:1, following Avnimelech’s protocol [4]. Prawn 
postlarvae were fed four times daily (at 7:00, 11:00, 
16:00, and 21:00 h) with commercial feed containing 
40% protein (Grobest, Vietnam). Feeding ration was set 
at 8-10% of the estimated prawn biomass, monitored, 
and adjusted based on feed presence or absence after one 
hour of feeding. Throughout the rearing period, no water 
exchange occurred, and freshwater was only added to the 
rearing tank to compensate for evaporation and maintain 
initial salinity and culture volume. The experiment lasted 
for 30 days.

2.3. Data collection

Water temperature and pH were monitored every 
three days at 07:00 and 14:00 hours using a multi-
channel meter (Mettler Toledo, USA). Alkalinity level 
was measured using a test kit (Sera, Germany), while 
the concentrations of total ammonia nitrogen (TAN) 
and NO2- were determined at 10-day intervals using the 
standard method of APHA [18]. Biofloc volume was 
measured every ten days by collecting a 1l water sample 
in an Imhoff cone and allowing it to settle undisturbed for 
30 minutes; settled floc was recorded as ml/l [4]. 

At the experiment’s conclusion, total heterotrophic 
bacterial and Vibrio spp. densities in water were 
analysed using Zobell marine agar medium and 
TCBS (thiosulphate-citrate-bile salts-sucrose agar), 
respectively, following standard procedures [19, 20]. 
The red seaweed biomass in each tank was harvested, 
excess water was removed, and it was weighed to 
calculate the percentage biomass increment (BI).

BI (%) = (Final biomass - Initial biomass)/Initial 
biomass x 100

The initial weight and total length of prawns were 
determined by randomly selecting 40 animals from 
the conditioning tank and measuring them with a 
0.01 g precision balance and callipers, respectively. 
At the experiment’s conclusion, the total prawn 
biomass in each rearing tank was weighed to record 
the final weight and growth rate, and survival rate was 
determined by counting all harvested prawns. Forty 
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shrimp were randomly selected from each rearing 
tank to measure the final length of the prawn. Growth 
performance of prawns, such as specific growth rate 
in length (SGRL) and weight (SGRW), survival, feed 
conversion ratio (FCR), and feed efficiency (FE), 
were calculated as follows:  

SGRL (%/day) = [ln(Final length) - ln(Initial length)]/
Day of culture x 100

SGRW (%/day) = [ln(Final weight) - ln(Initial weight)]/
Day of culture x 100

Survival (%) = Final number of prawn/Initial number 
of prawn x 100

FCR = Consumed feed (g)/(Final weight - Initial 
weight) (g)

FE (%) = [Consumed feed/(Final weight - Initial 
weight)] x 100

2.4. Statistical analysis

All percentage values were arcsine transformed, 
and variance homogeneity was tested using Levene’s 
test. A one-way ANOVA was employed to determine 
the overall effect of the treatment. The Duncan test 
was used to identify significant differences between 
the mean values at a significance level of p<0.05 
(SPSS, version 20.0).

3. Results and discussion

3.1. Water quality parameters 

Water quality parameters during the experiment 

are shown in Table 1. Results indicated that water 
temperature, pH, and alkalinity in the rearing tanks 
fluctuated within the ranges of 25.1-28.3°C, 7.9-8.13, and 
90-126 mgCaCO3/l, respectively. These values remained 
consistent across density treatments, falling within the 
appropriate range for prawn culture, as suggested by 
M.B. New (2012) [1]. 

Figure 1 shows that the concentrations of TAN 
and NO2

- increased with rearing duration, with higher 
levels observed at higher prawn density. The D1 and 
D2.5 treatments had the lowest and highest values, 
respectively, and were significantly different (p<0.05) 
from the other density treatments (Table 1). Although 
the highest prawn density (2,500 PL/m3) resulted in the 
highest levels of TAN (0.39 mg/l) and NO2

- (1.68 mg/l) at 
the experiment’s conclusion, these values are considered 
safe for prawn rearing [21, 22]. 

Notably, the water quality in the culture medium 
remains within an acceptable range for prawn 
performance under a no-water-exchange system 
in the present study. This could be attributed to (1) 
The presence of red seaweed G. tenuistipitata in the 
rearing tanks, which absorbed nutrients for its growth 
[10, 13, 14]; and (2) The addition of molasses as a 
carbon source to stimulate the growth of heterotrophic 
bacteria in the biofloc. Ammonia levels could be 
reduced more rapidly via assimilation than by the 
nitrification process, which primarily controlled the 
increase in nitrogenous compound levels in the water 
[4, 5, 23].

Table 1.  Average parameters of water quality in the rearing tanks. 

Density treatment 1,000 PL/m3 (D1) 1,500 PL/m3 (D1.5) 2,000 PL/m3  (D2) 2,500 PL/m3 (D2.5)

Temperature (oC)
7:00 h 25.1±0.8 25.4±0.8 25.3±0.9 25.3±0.9
14:00 h 26.5±0.6 28.3±1.8 27.8±1.8 27.1±1.0

pH
7:00 h 8.08±0.07 8.05±0.09 8.07±0.07 8.04±0.08
14:00 h 8.22±0.06 8.23±0.11 8.25±0.10 8.20±0.06

Alkalinity (CaCO3/l) 110.3±13.9 117.0±13.3 115.5±9.3 116.3±7.1
TAN (mg/l) 0.09±0.01a 0.16±0.05b 0.19±0.02bc 0.24±0.03c

NO2
- (mg/l) 0.57±0.08a 0.86±0.16b 0.99±0.05b 1.33±0.06c

Biofloc volume (ml/l) 1.68±0.37a 1.91±0.42b 2.30±0.52c 2.59±0.64d

Total heterotrophic bacteria (x103 CFU/ml) 1.98±0.73a 2.63±0.29a 3.23±0.62ab 4.42±1.03b

Vibrio spp. (x102 CFU/ml) 3.60±0.5a 5.13±0.35ab 6,23±0.22b 7.20±0.21b

*: values are expressed as mean±SD (n=3). Mean values in with different superscripts within the same row are significantly 
different at p<0.05.
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Fig. 2. Variations in biofloc volume during 30 days of 
nursey rearing.

At the termination of the experiment on day 30, biofloc 
volume ranged from 2.20 to 3.63 ml/l, with the lowest and 
highest values observed for the D1 and D2.5 treatments, 
respectively (Fig. 2). There was a statistically significant 
difference (p<0.05) in average biofloc volume among the 
four density treatments (see Table 1). Furthermore, biofloc 
volume increased with shrimp density and tended to rise 
with rearing time. This could be related to the addition of 
carbohydrates based on the amount of pellet feed fed to 
shrimp [4]. In this scenario, more commercial feed and 
molasses (carbonhydrate) were delivered at greater prawn 
densities, and with no water exchange during the rearing 
phase, resulting in the accumulation of shrimp excrement 
and inorganic suspended particles in the rearing tanks. 
This, in turn, stimulated the proliferation of heterotrophic 
bacteria, resulting in an increase in the overall bacterial 
population, which aggregated to form massive bioflocs, 
thereby increasing biofloc volume in the culture medium 
[4]. Previous researchers [5-9] have shown that bioflocs, 
comprising a variety of microbial organisms such as 

bacteria, algae, zooplankton, and protozoa, play a crucial 
role in maintaining good water quality and providing an 
additional food source for shrimp. 

Similarly, total heterotrophic bacteria and Vibrio 
spp. counts increased with prawn density, reaching 
1.98-4.41x103 CFU/ml and 0.36-0.72x102 CFU/ml, 
respectively, with the D2.5 group having significantly 
higher values than other treatments (p<0.05). In this study, 
the presence of low densities of total bacteria and Vibrio in 
the rearing tank was not detrimental to prawn performance 
[6, 7]. Previous research revealed that shrimp cultured in 
biofloc systems significantly reduced Vibrio density and 
boosted shrimp disease resistance [6, 9].

3.2. Biomass of red seaweed G. tenuistipitata
 

 
Fig. 2. Growth rate of red seaweed G. tenuistipitata after 30 days of experiment. 
*: Values are expressed as mean ±SD (n=3). 

Figure 2 shows that the average red seaweed biomass of G. tenuistipitata at the end 
of the experiment in all treatments ranged from 2.38 to 2.68 kg/m3, which was higher than 
the initial quantity (1.5 kg/m3) and equivalent to a biomass increment (BI) of 58.7-78.7%. 
Although the D2.5 treatment had lower values than other treatments, no significant 
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Prawn performance after 30 days of rearing is presented in Table 2. Results 
showed that the final length of the prawn ranged from 3.39 to 3.64 cm, and the final 
weight ranged from 0.25 to 0.32 g, corresponding to a specific growth rate in length 
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significantly higher values than the D2 and D2.5 groups (p<0.05). This illustrates that 
high stocking densities (2,000 and 2,500 PL/m3) resulted in significantly poorer 
growth rates than low stocking densities (1,000 and 1,500 PL/m3). 
Table 2. Prawn postlarvae performance after 30 nursery rearing . 

Treatment D1 D1.5 D2 D2.5 

Initial length (cm) 1.130.12 1.130.12 1.130.12 1.130.12 

Final length (cm) 3.640.07b 3.630.08b 3.460.09a 3.390.11a 

SGRL (%/day) 3.890.06b 3.880.07b 3.720.09a 3.660.10a 
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Final weight (g) 0.320.02b 0.310.01b 0.270.02a 0.250.02a 

SGRW (%/day) 10.890.20b 10.730.12b 10.240.22a 9.930.28a 

Survival (%) 91.670.84c 91.674.45c 81.671.91b 73.002.34a 

Biomass (g/m3) 299.316.1a 427.217.5b 437.925.8b 446.825.5b 
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higher than the initial quantity (1.5 kg/m3) and equivalent 
to a biomass increment (BI) of 58.7-78.7%. Although the 
D2.5 treatment had lower values than other treatments, 
no significant difference was observed among treatments 
(p>0.05). This indicates that red seaweed grows well in 
co-culture with prawns in the same tanks, which helps 
maintain good water quality in the culture medium. 
Analogous findings were found in recent investigations 
[13, 14, 24]. 

3.3. Prawn performance 

Prawn performance after 30 days of rearing is 
presented in Table 2. Results showed that the final 
length of the prawn ranged from 3.39 to 3.64 cm, 
and the final weight ranged from 0.25 to 0.32 g, 
corresponding to a specific growth rate in length 
(SGRL) of 3.66-3.89%/day and in weight (SGRW) of 
9.93-10.89%/day. There was no statistical difference 
(p>0.05) between the D1 and D1.5 groups, both of 
which had significantly higher values than the D2 
and D2.5 groups (p<0.05). This illustrates that high 
stocking densities (2,000 and 2,500 PL/m3) resulted 
in significantly poorer growth rates than low stocking 
densities (1,000 and 1,500 PL/m3).

The mean survival of prawns in D1 and D1.5 treatments 
was highest (91.67%), and it tended to decline at higher 
stocking density, with the D2.5 treatment having the 

lowest value (73.00%) and statistical difference (p<0.05) 
from other density treatments. 

The average biomass and production of prawns 
ranged from 299.3 to 446.8 g/m3 and 917 to 1,825 ind/
m3, respectively, and showed a tendency to increase 
with stocking density. Statistical analysis indicated that 
prawn biomass in the D1.5, D2, and D2.5 treatments 
was comparable (p>0.05), and all were significantly 
higher than the D1 treatment, while production (number 
of harvested prawn) was significantly different among 
rearing density treatments (p<0.05).

Feed conversion ratio (FCR) was 0.68-0.93, equivalent 
to feed efficiency (FE) of 108.6-146.0%, with higher 
stocking densities resulting in a higher FCR and lower 
FE. There was no statistical difference (p>0.05) between 
D1 and D1.5 groups or between D2 and D2.5 groups.

Stocking density is known to be one of the key technical 
parameters influencing growth, survival, and production 
of prawn and shrimp in the nursery phase, and the proper 
stocking density depends on the species, rearing method, 
duration, and stage of culture. When applying too high 
stocking density, living space is limited, cannibalism 
increases, and more feed is needed, which leads to poor 
water quality, crowding stress, delayed growth, high 
mortality, and pathogen outbreaks. low stocking density 

Table 2. Prawn postlarvae performance after 30 nursery rearing.

Treatment D1 D1.5 D2 D2.5

Initial length (cm) 1.13±0.12 1.13±0.12 1.13±0.12 1.13±0.12

Final length (cm) 3.64±0.07b 3.63±0.08b 3.46±0.09a 3.39±0.11a

SGRL (%/day) 3.89±0.06b 3.88±0.07b 3.72±0.09a 3.66±0.10a

Initial weight (g) 0.012±0.001 0.012±0.001 0.012±0.001 0.012±0.001

Final weight (g) 0.32±0.02b 0.31±0.01b 0.27±0.02a 0.25±0.02a

SGRW (%/day) 10.89±0.20b 10.73±0.12b 10.24±0.22a 9.93±0.28a

Survival (%) 91.67±0.84c 91.67±4.45c 81.67±1.91b 73.00±2.34a

Biomass (g/m3) 299.3±16.1a 427.2±17.5b 437.9±25.8b 446.8±25.5b

Production (ind/m3) 917±9a 1.375±67b 1.633±38c 1.825±59d

FCR 0.68±0.04a 0.69±0.02a 0.85±0.05b 0.93±0.07b

*: values are expressed as mean ±SD (n=3). Mean values in with different superscripts within the same row are significantly 
different at p<0.05.
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gives high growth and survival but higher expenses and 
a lower production output per culture unit [16, 17, 25]. 

According to previous investigations, the co-culture 
of red seaweed with shrimp or prawn not only improved 
water quality but also functioned as natural food and a 
shelter, thereby increasing shrimp and prawn survival and 
production [16, 17, 25]. Additionally, biofloc formation 
in the rearing tanks had high nutrition content, which is 
a source of supplementation for the prawn diet [4, 7, 9].

Overall, the results showed that prawn performance 
in terms of growth rate, survival, and feed efficiency at 
a stocking density of 1,500 PL/m3 was comparable to 
that of prawns reared at a density of 1,000 PL/m3 and 
significantly higher than that of prawns reared at stocking 
densities of 2,000 and 2,500 PL/m3. 

4. Conclusions

The freshwater prawn M. rosenbergii cocultured 
with red seaweed G. tenuistipitata in a biofloc system 
maintained good water quality under no water exchange 
conditions, as shown by TAN and NO2

- levels as well as 
total bacteria and Vibrio spp. counts that were within the 
suitable range for prawn performance.

Freshwater prawn postlarvae co-cultured with red 
seaweed in a biofloc system at a stocking density of 1,500 
ind/m3 achieved optimal growth rates and feed efficiency 
at the nursery phase.
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1. Introduction 
To assess the expression of a specific gene, reverse 

transcription polymerase chain reaction (RT-PCR) 
is employed to quantify its ribonucleic acid (RNA) 
concentration from total RNA. Therefore, isolating total 
RNA from adipose tissue represents one of the most 
critical steps that can significantly impact the outcomes 
of subsequent experiments. Given their acknowledged 
advantages, both the RNeasy Mini Kit and the TRI 
Reagent protocol are extensively employed in research 
concerning the expression of adipose biomarkers.

The RNeasy Mini Kit is a well-established commercial 
kit specifically designed for RNA extraction from adipose 

tissue [1]. While traditionally viewed as a passive energy 
storage organ, adipose tissue is now recognized as a 
complex and highly active metabolic and endocrine organ 
[2]. Consequently, adipose tissues play a pivotal role in the 
study of conditions such as diabetes, metabolic syndrome, 
and obesity, which have garnered substantial attention 
worldwide due to their epidemic prevalence [3]. Extracting 
RNA from adipose tissue presents more challenges compared 
to other tissues, primarily due to its elevated triglyceride 
levels and lower RNA concentration [4]. 

Isolating RNA from animal tissues with a high 
lipid content, such as adipose tissue, can prove to be a 
challenging task. Obtaining high-quality RNA with a 
satisfactory yield from adipose tissue is particularly 
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that the RNeasy Mini Kit yielded a higher RNA concentration when compared to the TRI Reagent method. 
Furthermore, the RNeasy Mini Kit provided RNA samples with superior purity, as evidenced by a higher 
260/230 ratio. Although RNA extracted using the TRI Reagent exhibited slightly elevated mRNA expression 
levels for the three biomarkers, these differences did not reach statistical significance. In summary, both 
methods are suitable for total RNA extraction, but the RNeasy Mini Kit is recommended for obtaining higher 
RNA concentration and purity. The choice of method should be contingent upon the intended downstream 
application of the RNA.
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demanding. Although Pena et al. employed a modified 
version of the TRI Reagent approach, their RNA integrity 
values were considerably lower than those achieved 
using our combined protocol [5]. The TRI Reagent 
approach exhibited issues related to the purity of the 
isolated RNA in previous studies. It is widely recognized 
that all phenol-based procedures leave minimal residual 
organic solvents in the final separated sample, and 
these contaminants can potentially impact downstream 
applications [6-9]. The TRI Reagent approach yields 
samples that are contaminated with salts and solvents but 
exhibit better integrity.

Selecting an appropriate RNA extraction method is 
essential to cater to diverse research objectives, especially 
within the laboratory settings of Vietnam. Therefore, this 
study was conducted to establish and identify a suitable 
RNA isolation method for adipose tissue, with the specific 
aim of analysing adipose biomarkers.

2. Methods

2.1. Total RNA extraction 

In this study, inguinal white adipose tissue (iWAT) 
was collected from mice, with 10 mice per group. iWAT 
was collected from both sides of each mouse, and each 
side was cut and weighed to obtain 100 mg of tissue for 
each RNA extraction method. Following collection, the 
samples were promptly frozen in liquid nitrogen and 
stored in a deep freezer at -80oC. Total RNA was extracted 
from the frozen mouse white fat using the QIAamp Viral 
RNA Mini Kit (QIAGEN, Germany) (Total RNA Kit) 
or the TRI Reagent protocol (TRI Reagent®, Sigma-
Aldrich), as previously described [10, 11]. Briefly, each 
frozen sample was homogenized in 1000 μl of Buffer 
RLT or 1000 μl of TRI Reagent in a chilled tube using a 
Tissue Grinder. Subsequently, total RNA extraction was 
carried out following the procedures outlined in previous 
studies [10, 11]. During the RNA isolation using the kit, 
any contaminated DNA was removed using DNase I. 
Following isolation, total RNA from each sample was 
diluted to a final volume of 32 µl in RNase-free water, and 
in this study, we present the comparative concentrations, 
reflecting the yields of total RNA.

The RNeasy Mini Kit contains a selective binding 
silica membrane and a specialised buffer with a high 
salt content, enabling the purification of RNA molecules 

longer than 200 nucleotides. Consequently, total RNA 
from biological samples, which typically includes RNA 
fragments of approximately 18 nucleotides and longer, 
can be effectively purified using the RNeasy Mini Kit. 
Alternatively, a whole RNA (>200 nucleotides) fraction 
and a microRNA (miRNA)-enriched fraction can be 
extracted separately. Total RNA, inclusive of miRNA, 
is well-suited for miRNA quantification using real-
time RT-PCR. In certain applications where messenger 
RNA (mRNA) and ribosomal RNA (rRNA) might 
introduce unwanted background noise, the enrichment of 
small RNA in a distinct fraction can be advantageous. 
While the RNeasy Mini Kit approach yields total RNA 
with excellent purity, quantity, and suitability for PCR 
applications from adipose tissue, it is somewhat more 
susceptible to degradation [12].

2.2. RNA measurement using NanoDrop 

The concentration and purity of RNA extracted 
using the RNeasy Mini Kit and the TRI Reagent were 
assessed using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific, Wilmington, DE, USA). Measurements 
were taken for the absorbance ratios at 260-280 nm 
(260/280) and 260-230 nm (260/230), as well as the RNA 
concentration (ng/μl). The experimental procedure was 
previously outlined in publications [7, 8].

2.3. One-step RT-qPCR

The mRNA levels of three genes, namely MEST, 
SFRP5, and SCD1, were determined using the one-step 
RT-qPCR method. The Rotor-Gene Q system (QIAGEN, 
Germany) was employed for the PCR reaction. Primers 
and Taqman probes for the target genes were obtained 
from previously published research [7, 9]. The mRNA 
expression of the target genes was normalized against 
Cyclophilin (Cyclo). The experimental procedure was 
described in prior publications [7, 9, 10].

2.4. Data analysis 

The data were managed and presented as mean ±SEM. 
Statistical analysis was conducted using Student’s t-test 
for single comparisons with GraphPad Prism 8.0. 
Significance was established at p<0.05, with * indicating 
p<0.05, ** for p<0.01, and *** for p<0.001, while “n.s” 
represented not significant (p≥0.05).



LIFE SCIENCES | BIOLOGY, BIOTECHNOLOGY

86 MARCH 2024 • VOLUME 66 NUMBER 1

3. Results

3.1. The concentration of total RNA

Fig. 1. The concentration of total RNA extracted by two 
methods. The mean RNA concentration can be described by 
using the RNeasy Mini Kit and the TRI Reagent method. Student’s 
t-test for single comparisons was used. A significant difference 
between the two methods was accepted at p<0.05 (*).

Total RNA was extracted from frozen adipose tissue 
of mice, and its concentration (ng/μl) was compared 
between the RNeasy Mini Kit and the TRI Reagent (Table 
1, Fig. 1). The results revealed a significantly higher 
mean RNA concentration with p<0.05 when using the 

RNeasy Mini Kit (122.91±10.12) compared to the TRI 
Reagent method (84.04±12.00). The maximum RNA 
concentration obtained was 183.78 ng/μl for the RNeasy 
Mini Kit and 171.37 ng/μl for the TRI Reagent, while 
the minimum RNA concentration was 76.41 ng/μl for the 
RNeasy Mini Kit and 39.74 ng/μl for the TRI Reagent. 
These findings suggest that the RNeasy Mini Kit is a 
more efficient method for RNA extraction, resulting in a 
higher RNA concentration with less variability in results.

3.2. The quality of total RNA

The quality of total RNA obtained from the two 
methods was assessed by determining the 260/280 
and 260/230 absorbance ratios (Table 1, Fig. 2). There 
was no significant difference in the mean 260/280 ratio 
between the RNeasy Mini Kit (2.03±0.02) and the TRI 
Reagent (2.02±0.02). However, a significant difference 
was observed in the mean 260/230 ratio between the two 
methods (p<0.01). The mean ±SEM of the 260/230 ratio 
for the RNeasy Mini Kit was 1.89±0.06, indicating a pure 
RNA sample. In contrast, for the TRI Reagent, this ratio 
was 1.64±0.05, suggesting the presence of contaminants 
in the RNA sample. These results indicate that the RNeasy 
Mini Kit yields higher purity RNA samples compared to 
the TRI Reagent, as evidenced by the higher 260/230 ratio.

3.3. Analysis of mouse adipose-biomarkers

From the total RNA obtained from the two methods, 
the mRNA expression levels of three biomarkers (MEST, 

Table 1. Summary of the RNA isolation in the adipose biomarker analysis of mouse fat tissues.

 
 

RNeasy Mini Kit TRI Reagent

Mean SEM Max Min N Mean SEM Max Min N

RNA concentration (ng/μl) 122.91 10.12 183.78 76.41 10 84.04 12.00 171.37 39.74 10

Ratio 260/280 2.03 0.02 2.09 1.96 10 2.02 0.02 2.09 1.91 10

Ratio 260/230 1.89 0.06 2.05 1.49 10 1.64 0.05 1.99 1.48 10

MEST (mRNA level) 0.10 0.04 0.38 0.01 10 0.17 0.03 0.33 0.06 10

SFRP5 (mRNA level) 0.10 0.04 0.33 0.01 10 0.14 0.03 0.31 0.03 10

SCD1 (mRNA level) 0.07 0.01 0.13 0.02 10 0.09 0.01 0.13 0.06 10

N indicates the number of samples/mice per group (each pair of samples were collected from 1 mouse).

TRI Reagent (n=10)

TRI R
ea

gen
t
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SFRP5, SCD1) were measured using RT-PCR (Table 1, 
Fig. 3). The results indicated that the expression levels of 
MEST, SFRP5, and SCD1 appeared to be slightly higher 
when using RNA extracted with TRI Reagent compared to 
the RNeasy Mini Kit. Specifically, the MEST expression 
level was 0.17±0.03 with the TRI Reagent method, 
slightly higher than 0.10±0.04 with the RNeasy Mini Kit 
method. Similarly, the expression of SFRP5 was higher 

with RNA extracted using TRI Reagent (0.14±0.03) than 
with the RNeasy Mini Kit (0.10±0.04). Likewise, the 
SCD1 expression using TRI Reagent and RNeasy Mini 
Kit was 0.09±0.01 and 0.07±0.01, respectively. However, 
none of these differences reached statistical significance 
(p>0.05). These results indicate that the expression 
levels of critical biomarkers in adipose tissue remained 
consistent after RNA extraction using both methods.

Fig. 2. The quality of total RNA extracted by the two methods. The quality of total RNA obtained from the two methods was 
compared by determining (A) the 260/280 ratio and (B) the 260/230 ratio. Student’s t-test for single comparisons was used. “ns” 
indicates a non-significant difference and ** indicates p<0.01.

Fig. 3. The RNA expression of some adipose biomarkers using total RNA extracted by the two methods. mRNA expression 
levels of three biomarkers (A) MEST, (B) SFRP5, and (C) SCD1 using RT-PCR. Student’s t-test for single comparisons was used. 
“ns” indicates a non-significant difference between the two methods.
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4. Discussion 

The isolation of high-quality RNA from adipose tissue 
presents challenges due to its high lipid content and 
relatively low cellular density. Researchers frequently 
turn to the RNeasy Mini Kit method and the TRI 
Reagent protocol as they are among the most commonly 
used techniques for total RNA isolation, with other 
methods often considered time-consuming and requiring 
larger input amounts [6]. The RNeasy Mini Kit, which 
employs phenol-chloroform (organic extraction), offers 
the advantage of isolating RNA from a single sample. 
However, it can be costly and yield lower quantities 
of samples, making the TRI Reagent protocol a viable 
alternative [3]. 

Researchers typically assess the quantity and quality 
of isolated RNA by examining absorbance ratios, 
specifically the 260/280 and 260/230 ratios, using a 
Nanodrop spectrometer. Ratios closer to 2.0 indicate 
better RNA quality. In line with Susanna Cirera’s study, 
a combination of both methods yielded excellent isolate 
purity, with a 260/280 ratio of 2.00±0.049 and a 260/230 
ratio of 1.73±0.189 [6]. Our study’s results align with 
these findings. The RNeasy Mini Kit excels in terms 
of purity compared to the TRI Reagent protocol. This 
can be attributed to the RNeasy Mini Kit’s use of silica 
film-based bonding technology, effectively removing 
contaminants such as proteins, genomic DNA, and 
polysaccharides. Consequently, researchers are more 
likely to obtain cleaner RNA samples for subsequent 
experiments. However, the TRI Reagent method yields 
a higher percentage of RNA samples compared to the 
RNeasy Mini Kit. Therefore, combining both methods 
can produce ample amounts of high-quality total RNA 
from adipose tissue, suitable for downstream applications 
such as RT-qPCR, microarrays, and high-throughput 
sequencing [6].

Despite their advantages, both methods have 
drawbacks, notably their cost. Commercial kits, although 
commonly used, tend to be expensive. However, the 
inherent automation capabilities of silica spin column 
extraction methods offer significant advantages. In the 
case of TRI reagents, RNA purity needs to be considered, 
as other substances like proteins and salts may still be 
present [6]. Hence, a flexible approach involving the 
combination of both methods can ensure efficient and 
cost-effective RNA isolation while maintaining high 
quality.

Previous research employing microarray analysis 
has identified several candidate genes as potential 
biomarkers for adipose tissue, including MEST, SFRP5, 
and SCD1 [10]. MEST and SFRP5-encoded proteins 
have been found to inhibit Wnt signalling, thereby 
suppressing mitochondrial respiration and promoting 
lipid accumulation in fat depots. In a mouse model of 
diet-induced obesity, higher expression levels of MEST 
and SFRP5 were significantly correlated with adiposity 
in both subcutaneous and visceral adipose tissues [10]. 
However, the mRNA and protein levels of MEST and 
SFRP5 were found to be sensitive to the age of adipose 
tissue, being severely suppressed in aging mice despite 
continued adipose expansion [11]. Although their 
expression levels decrease after reaching a plateau, MEST 
and SFRP5 have been identified as biomarkers for healthy 
adipocytes [10, 11]. SCD1 protein plays a crucial role 
in catalysing the biosynthesis of monounsaturated fatty 
acids, regulating lipogenesis. Due to its high expression 
during adipogenic differentiation, SCD1 is considered an 
adipogenesis biomarker. Like MEST and SFRP5, SCD1 
did not exhibit significant changes in response to aging in 
mice with high adiposity [11].

D.T. Truong, et al. (2019) [11] conducted a study 
on C57BL/6J and 129S mouse models to investigate 
the impact of developmental phases on the function 
and expression of key adipose biomarkers. TRI reagent 
was used to extract total RNA from RP, EP, ING, and 
iBAT tissue, and RNA Mini Kit was employed in several 
independent experiments [11]. Another study established 
a positive correlation between SCD1, SFRP5, and MEST 
expression and the adiposity of mice subjected to a high-
fat diet [10]. For cost-effectiveness reasons, a different 
study employed the TRI reagent protocol instead of the 
RNeasy Mini Kit for total RNA isolation. The authors 
reported similar results, with increased expression 
of SFRP5 and MEST in obese mice correlating with 
fat depot expansion, suggesting the use of SFRP5 and 
MEST as biomarkers for healthy adipocytes [10]. 
Concerns regarding the purity of products extracted by 
the TRI reagent led R.P.A. Koza, et al. (2016) [13] to 
use the RNeasy Mini Kit for RNA purification before 
measuring MEST and SFRP5 expression. They also 
observed significant correlations between MEST and 
SFRP5 expression and adiposity in inbred mice. Thus, 
the findings regarding the expression of these adipose 
biomarkers remain consistent irrespective of the RNA 
isolation methods. However, various modifications, such 



LIFE SCIENCES | BIOLOGY, BIOTECHNOLOGY

89MARCH 2024 • VOLUME 66 NUMBER 1

as additional ethanol washes or reduced reagent volumes, 
can be applied to optimize the quality and quantity of 
total RNA isolated through standard protocols [14]. Our 
study’s results indicate that the mRNA expression levels 
of MEST, SFRP5, and SCD1 in adipose tissue are not 
affected by the RNA isolation methods employed.

5. Conclusions

This study conducted a comparative analysis of total 
RNA extraction from frozen adipose tissue of mice using 
the RNeasy Mini Kit and the TRI Reagent method. 
The study assessed the concentration and quality of the 
extracted RNA and measured the mRNA expression 
levels of MEST, SFRP5, and SCD1 through RT-PCR. 
The findings indicated that the RNeasy Mini Kit yielded 
a higher RNA concentration with less variability in 
results when compared to the TRI Reagent method. 
Furthermore, the RNeasy Mini Kit provided RNA samples 
of superior purity, as evidenced by a higher 260/230 
ratio. Despite slightly elevated mRNA expression levels 
of the three biomarkers observed in RNA extracted 
using the TRI Reagent method, these differences did 
not reach statistical significance. In summary, both the 
RNeasy Mini Kit and the TRI Reagent method are viable 
options for total RNA extraction. However, the RNeasy 
Mini Kit is recommended when aiming for higher RNA 
concentration and purity. The choice of method should 
be tailored to the specific downstream application of the 
RNA, taking into consideration the research objectives 
and priorities.
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1. Introduction

Lymphoma is a group of cancers affecting the 
lymphatic system, involving cells of the immune system. 
Lymphoma initiates when healthy B cells, T cells, 
or natural killer (NK) cells in the lymphatic system 
undergo alterations and uncontrolled growth, leading to 
the formation of tumours. It is comprised of two main 
subtypes: NHL and HL [1]. NHL is a lymphoproliferative 
disorder, with the majority originating from B cells, 
while the remainder arises from T lymphocytes or NK 
cells [2]. Approximately 90% of all lymphomas are 
NHL, with the remaining 10% classified as HL [3]. HL 
is a rare form of cancer characterized by the presence 

of rare Hodgkin and Reed-Sternberg cells (HRS) that 
originate from a subtype of B cells and are typically 
found in the bone marrow and peripheral blood [4, 5]. 
Several studies have indicated that lymphoma patients, 
particularly those with poor outcomes, exhibit elevated 
serum levels of carbohydrate antigen 125 (CA-125), a 
commonly used tumour biomarker, although it is more 
commonly associated with ovarian cancer [6, 7]. 

DUB genes, including OTU domain-containing 
ubiquitin aldehyde binding protein OTUB1, OTUB2, 
and OTUD7B (Cezanne), play pivotal roles in regulating 
the expression of various signal transduction pathways, 
such as NF-κB [8-10], by removing specific types 
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of polyubiquitin chains from substrate proteins. This 
activity leads to the induction of various cellular 
biological processes. Recent research has demonstrated 
the involvement of OTUB1 and OTUB2 in modulating 
the development of solid cancers, including breast, 
liver, and lung cancers [9, 11, 12]. Mice lacking OTUB1 
exhibit abnormal responses in CD8 T cells and NK cells 
[13]. Cezanne inactivation has been associated with 
disease progression and poor prognosis in hepatocellular 
carcinoma [14]. Despite the well-established effects of 
DUBs on the activation of solid cancer cells, their impact 
on the biological activation of lymphoma cells remains 
largely unexplored. 

Similar to DUBs, SH2 domain-containing protein 
tyrosine phosphatases (SHPs) are crucial for a wide range 
of cellular processes in response to external stimuli. Two 
protein tyrosine phosphatases (PTPs), SHP-1 and SHP-2, 
are recognised as negative regulators of the inflammatory 
response, acting via NF-κB and STAT signalling pathways 
[15]. Mice lacking SHP-1 display myelin deficiency due 
to increased inflammatory mediators [16]. In leukaemia 
and lymphoma, SHP-1 expression is often inactivated as 
a result of DNA methylation of its promoter region [17]. 
Conversely, SHP-2 levels are elevated in leukaemia and 
diffuse large B-cell lymphoma [18, 19]. In the context 
of solid cancers, SHP-2 serves as a negative regulator of 
interferon production, diminishing cytotoxic effects in 
fibroblast cells [20].

This study aims to investigate the mRNA expressions 
of DUBs, SHPs, and the inflammatory response in 
Vietnamese lymphoma patients. 

2. Materials and methods 

2.1. Patients and control subjects 

Peripheral blood samples were collected from 
76 untreated patients diagnosed with two types of 
lymphomas: 50 NHL and 26 HL, at the National 
Hospital of Haematology and Blood Transfusion and the 
103 Military Hospital in Hanoi, Vietnam. The control 
group consisted of 50 healthy subjects. None of the 
individuals in the control group were on medication or 
had a known acute or chronic disease. All patients and 
volunteers provided written consent to participate in 
the study. Personal care and experimental procedures 

were conducted in accordance with Vietnamese laws 
governing human welfare and were approved by the 
Ethical Committee of the Institute of Genome Research, 
Vietnam Academy of Science and Technology. All 
experimental protocols involving human subjects adhered 
to the Helsinki Declaration of 1975, as revised in 2008.

2.2. RNA extraction and real-time RT-PCR 

Total mRNA was isolated using the Qiashredder 
and RNeasy Mini Kit from Qiagen, following the 
manufacturer’s instructions. For first-strand cDNA 
synthesis, 1 µg of total RNA in 12.5 µl of DEPC-treated 
H2O was mixed with 1 µl of oligo-dT primer (500 µg/ml, 
Invitrogen) and heated for 2 min at 70°C. Quantitative 
real-time PCR using the LightCycler System (Roche 
Diagnostics) was employed to determine transcript levels 
of SHP-1 and SHP-2, using the following primers (Table 1).

Table 1. List of primers used for RT-PCR.

Genes Direction Primer sequence

GAPDH Forward 5’-GGAGCGAGATCCCTCCAAA-3’

GAPDH Reverse 5’-GGCTGTTGTCATACTTCTCAT-3’

OTUD7B Forward 5’-ACAATGTCCGATTGGCCAGT-3’

OTUD7B Reverse 5’-ACAGTGGGATCCACTTCACATTC-3’

OTUB-1 Forward 5’-ACAGAAGATCAAGGACCTCCA-3’

OTUB-1 Reverse 5’-CAACTCCTTGCTGTCATCCA-3’

OTUB-2 Forward 5’-CTCACGTCGGCCTTCATCA-3’

OTUB-2 Reverse 5’-GCCATGGGCTCTACTTCGT-3’

SHP-1 Forward 5’-GCCCAGTTCATTGAAACCAC-3’

SHP-1 Reverse 5’-GAGGGAACCCTTGCTCTTCT-3’

SHP-2 Forward 5’GAGAGCAATGACGGCAAGTCT-3’

SHP-2 Reverse 5’-CCTCCACCAACGTCGTATTTC-3’

PCR reactions were conducted in a final volume of 
20 µl, comprising 2 µl of cDNA, 2.4 µl of MgCl2 (3 
µM), 1 µl of primer mix (0.5 µM of both primers), 2 µl 
of cDNA Master SybrGreen I mix (Roche Molecular 
Biochemicals), and 12.6 µl of DEPC-treated water. 
Amplification of the target DNA involved 40 cycles of 
95ºC for 10 s, 62ºC for 10 s, and 72ºC for 16 s, each 
with a temperature transition rate of 20ºC/s, a secondary 
target temperature of 50ºC, and a step size of 0.5ºC. 
Subsequently, melting curve analysis was conducted at 
95ºC for 0 s, 60ºC for 10 s, and 95ºC for 0 s to ascertain 
the melting temperature of primer dimers and specific 
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PCR products. The ratio between the respective gene and 
corresponding GAPDH was calculated for each sample 
using the 2-∆CT method.

2.3. Cytokine quantification 

Serum samples were isolated from the blood samples 
of NHL and HL patients as well as healthy subjects, 
and these samples were stored at -20˚C until utilised 
for ELISA. IL-6 and CA-125 concentrations were 
determined using ELISA kits from Thermo Scientific, 
following the manufacturer’s protocol.

2.4. Statistical analysis

Statistical analysis was performed using SPSS 
version 20 (IBM, USA). Differences between the control 
and patient groups were assessed for significance using a 
non-parametric Mann-Whitney U test. All statistical tests 
were two-sided, and the level of significance was set at 
p<0.05.

3. Results and discussion

3.1. Analysis of DUB gene expression in lymphoma 
patients

In terms of DUB gene expression, our findings revealed 
that the mRNA level of OTUB1 was significantly lower 
in NHL patients compared to the control group, while no 
significant difference was observed in HL patients (Fig. 
1A). In contrast, the expression of OTUB2 remained 
unchanged in both NHL and HL groups (Fig. 1B). 
Importantly, we noted suppressed expression of Cezanne 
in both NHL and HL groups, with a notably more 
significant decrease in HL compared to NHL patients. 

The downregulation of Cezanne in both NHL and 
HL groups and of OTUB1 in NHL patients represents a 
novel discovery in this study. These findings suggest a 
pivotal role for OTUB1 and Cezanne in influencing the 
development of lymphoma cells. Previous studies have 
primarily associated the effects of OTUB1, OTUB2, and 
Cezanne with the regulation of cellular processes in solid 
cancers [9, 11, 12, 14]. 

3.2. Expression level of SHP genes in lymphoma 
patients

To evaluate the activation of the SHP signalling 
pathway, we observed that mRNA expression of SHP-
1 was significantly reduced in the NHL group, while 
it remained unaltered in the HL group compared to 
healthy individuals (Fig. 2A). Intriguingly, the level of 
SHP-1 was markedly lower in NHL compared to HL 
patients. This aligns with previous reports of reduced 
SHP-1 expression in various cancers [17, 21], where 
SHP-1 deficiency leads to impaired apoptosis and 
diminished treatment response [22]. In contrast, gene 
expression of SHP-2 was elevated in NHL patients 
but exhibited no significant change in HL patients 
(Fig. 2B). Overexpression of SHP-2 has also been 
detected in patients with leukaemia [19]. Consequently, 
the distinct roles of SHP-1 and SHP-2 in different cancer 
cell types, with their opposing effects, warrant further 
investigation into the molecular mechanisms governing 
the function of NHL cells.

Fig. 1. Box plot analysis of OTUB1 (A), OTUB2 (B), and Cezanne (C) gene expression in NHL (blue bar), HL (grey bars) 
patients, and the control group (white bar). *(p<0.05) and **(p<0.01) indicate a significant difference between control and 
patient groups and #(p<0.05) indicates a significant difference between NHL and HL groups (Mann-Whitney U test). 
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3.3. Serum IL-6 level in lymphoma patients

A recent study [23] has demonstrated the involvement 
of SHP molecules in the regulation of cytokine IL-6 
in cancer cells, with higher levels of IL-6 reported in 
lymphoma patients [24]. The activation of SHP-1 has 
also been associated with IL-6 release in prostate cancer 
cells [23]. Similarly, our findings indicate a significant 
increase in serum IL-6 concentration in both NHL and 
HL patient groups (Fig. 3). 

3.4. Serum CA125 level in lymphoma patients

The secretion of IL-6 has been linked to an elevated 
level of CA125 by cancer cells [25]. Consequently, we 

examined the serum CA125 levels in NHL, HL, and control 
groups using ELISA. The results revealed a significant 
increase in serum CA125 concentration in both NHL and 
HL groups, with a notably higher level in HL compared 
to NHL patients (Fig. 4). CA125 has previously been 
identified as a marker associated with the development 
and pathogenesis of lymphoma and ovarian cancer [6, 7]. 
In this study, we additionally observed that the frequency 
of lymphoma patients with CA125 levels exceeding the 
clinical cutoff of 35 UI/ml was higher in HL (48.14%) 
than in NHL (32%) patients. Notably, patients with CA125 
levels ≥35 UI/ml tend to have lower survival rates than 

Fig. 2. Box plot analysis of SHP-1 (A) and SHP-2 (B) gene expression in NHL (blue bar), HL (grey bars) patients, and the 
control group (white bar). *(p<0.05) indicates a significant difference between control and patient groups and #(p<0.01) indicates 
a significant difference between NHL and HL groups (Mann-Whitney U test).

Fig. 3. Box plot analysis of IL-6 serum level in NHL (grey bar), HL (blue bar), and the control group (white bar). ***(p<0.001) 
indicates a significant difference between control and patient groups (Mann-Whitney U test).
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those with normal CA125 levels before any treatment [6]. 
These findings suggest a potential relationship between 
the level of CA125 and the modulatory activation of SHP 
pathways in lymphoma cells.

Additionally, we investigated the potential association 
between the expressions of DUB and SHP genes and the 
inflammatory response in lymphoma patients. However, 
no significant associations were observed. 

4. Conclusions

Our results have revealed significant differences in the 
expressions of DUB and SHP genes and the inflammatory 
response in lymphoma patients. Specifically, the 
expressions of SHP, OTUB1, and Cezanne genes 
appear to be sensitive to the activation of NHL cells. 
Furthermore, the altered expressions of Cezanne, IL-6, 
and CA125 concentrations are dependent on the specific 
cell types of lymphoma. This study provides valuable 
insights and warrants further investigation into the roles 
of DUBs and tyrosine phosphatases in regulating the 
functional activation of lymphoma cells.
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1. Introduction

In response to external agents such as pathogen 
invasion or exposure to toxic compounds, as well as 
internal factors such as cellular damage, the body’s 
immune system initiates an inflammatory response [1]. 
Acute inflammation, characterized by rapid onset over 
minutes or hours and typically resolving within days, 
aims to heal intracellular damage. In contrast, chronic 
inflammation is a prolonged state of acute inflammation 
resulting from persistent infections that remain unresolved 
[2, 3]. Chronic inflammation is associated with various 
diseases, including stroke, chronic respiratory diseases, 
heart disorders, and cancer [4]. 

Macrophages, through the secretion of pro-
inflammatory cytokines, play a crucial role in the 
regulation of inflammation [5]. Macrophages can be 
activated by stimuli such as bacterial LPS from gram-
negative bacteria and pro-inflammatory cytokines [6]. In 
light of these observations, our study focuses on RAW 
264.7 mouse macrophages stimulated with LPS as a 
model to investigate the anti-inflammatory activity of 
the synthesized compound. However, the regulation of 
inflammatory modulators involves complex feedback 
mechanisms [7]. In this study, we investigate the 
regulation of inflammatory modulators in LPS-stimulated 
RAW 264.7 cells through the NF-κB signalling pathways.
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The aim of the present study is to investigate the anti-inflammatory effect of gallic acid grafted onto COS 
chains (GA-COS), focusing on the reduction of nitric oxide production, downregulation of inflammatory signals 
such as inducible nitric oxide synthase (iNOS), gene expression of cytokines such as TNF-α, IL-1β, IL-6, and 
nuclear factor kappa B (NF-κB) signalling, including the p50 and p65 subunits. The anti-inflammatory effect 
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by western blot analysis with specific monoclonal antibodies. The levels of gene expression were determined 
by the RT-PCR method. The results demonstrate that GA-COS effectively reduces nitric oxide generation 
and downregulates iNOS protein and cytokine expression and NF-κB signalling in lipopolysaccharide (LPS) 
-induced RAW 264.7 cells. GA-COS exhibits significantly enhanced anti-inflammatory activity compared to the 
free chitooligosaccharide chain. This study lays the groundwork for future research to demonstrate that GA-
COS holds significant potential as a novel compound for the prevention of inflammatory diseases.
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In recent years, there has been growing interest in 
the use of bioactive compounds, particularly phenolic 
acids, for the treatment of chronic inflammation. Among 
phenolic acids, GA is a natural compound known for its 
various biological activities, including anti-inflammatory 
properties. Nevertheless, GA’s limited solubility in water 
can affect its metabolism and absorption in the human 
body. Therefore, researchers have explored the grafting 
of GA onto chitooligosaccharide chains, non-toxic 
and water-soluble polysaccharides derived from chitin 
through a deacetylation process, to enhance the solubility 
of the synthesized compound and improve the bioactivity 
of the original COS chain [8, 9]. 

In previous research, GA-COS via the free radical-
mediated conjugation method demonstrated enhanced 
antioxidant activities [10, 11]. However, there is currently 
no information available regarding the anti-inflammatory 
action of GA-COS against LPS-stimulated macrophages. 
The aim of the present study is to investigate the anti-
inflammatory effect of GA-COS, focusing on the 
reduction of nitric oxide production, downregulation 
of inflammatory signals such as inducible iNOS, gene 
expression of cytokines such as TNF-α, IL-1β, IL-6, and 
NF-κB signalling, including the p50 and p65 subunits.

2. Materials and methods

2.1.	 Materials

GA, lactic acid, sodium bicarbonate, ethanol, 
3-(4,5-dimethylthiazol2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) were purchased from HiMedia (Mumbai, 
India). The Dimethyl sulfoxide (DMSO), hydrogen 
peroxide, Folin, TLC silica gel 60 F254, Triton X-100, 
sodium nitrite, Griess reagent, and agarose were from 
Merck (Darmstadt, Germany). Dulbecco’s Modified Eagle 
Medium (DMEM), penicillin/streptomycin, foetal bovine 
serum (FBS), trypsin, 3,3’,5,5’-Tetramethylbensidine 
solution (TMB), Tris hydrochloride (Tris-HCl), and 
the other materials required for culturing of cells were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Ascorbic acid (VWR, Leuven, Belgium), and all other 
chemicals were of analytical grade or the highest grade 
available commercially. 

The GA-COS powder was prepared according to 
our previous research [10]. In brief, COSs (0.5 g) were 

dissolved in approximately 25 ml of water, and then 1 
ml of 1.0 M H2O2 containing 0.054 g of ascorbic acid 
was added. After 30 minutes, gallic acid (0.25 g) was 
introduced into the mixture. The reaction was conducted 
at pH 5 and room temperature for 6 hours. After the 
reaction, the mixture was centrifuged through a 1 kDa 
filter membrane in a 50 ml centrifuge tube to remove any 
unreacted ingredients. Finally, the resulting solution was 
lyophilized using a freeze-dry system (FDU 2110, Eyela, 
Japan) to obtain solid GA-COS samples.

To confirm the successful grafting of gallic acid onto 
COS backbones, TLC analysis was performed. Gallic 
acid, ascorbic acid, and GA-COS were developed on a 
silica gel plate (TLC silica gel 60 F254, Merck, Germany) 
with a mobile phase consisting of chloroform - ethyl 
acetate - acetic acid (50:50:1) and heated at 100°C for 5 
minutes. The developed TLC plate was observed under 
UV light.

The GA-COSs were characterised by proton nuclear 
magnetic resonance (1H-NMR) spectra. Samples were 
recorded using a NMR-500 MHz spectrometer (Bruker, 
Germany) under a static magnetic field of 500 MHz, and 
the samples were dissolved in D2O.

2.2.	 Cell culture

The RAW 264.7 mouse macrophage cells procured 
from ATCC were cultivated in DMEM medium 
supplemented with 10% FBS, 100 µg/ml penicillin-
streptomycin, and maintained in a 5% CO2 atmosphere 
at 37°C. Subsequently, RAW 264.7 cells were detached 
using a scraper [12].

2.3.	 Cytotoxicity determination of GA-COS

The cytotoxicity of COS and GA-COS on RAW 264.7 
cells was evaluated using the MTT method, as previously 
described [13]. Briefly, RAW 264.7 cells were seeded in 
96-well plates at a concentration of 1x104 cells/well and 
allowed to incubate for 24 hours. Following the 24-hour 
culture period, the medium in the wells was replaced with 
fresh medium containing various concentrations of COS 
and GA-COS. After an additional 24 hours of incubation, 
100 µl of MTT solution was added to each well and 
further incubated for 4 hours at 37°C. Subsequently, 200 
µl of DMSO was added to dissolve the formed formazan 
salt, and the absorbance of the samples was measured at 
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540 nm using a microplate reader (PerkinElmer, USA). 
The percentage of cell viability in untreated cells served 
as a control for calculating relative cell viability.

2.4.	 Nitric oxide (NO) assay

RAW 264.7 cells were cultured in DMEM medium 
without phenol red at a density of 5x105 cells per well for 24 
hours. Subsequently, the RAW 264.7 cells were exposed 
to COS or GA-COS (at concentrations ranging from 10 
to 100 μg/ ml)) and LPS (1 μg/ml) for 24 hours. The NO 
content in the culture medium was determined using the 
Griess method [14]. Specifically, 50 µl of Griess reagent 
(comprising 1% sulphanilamide and 0.1% naphthyl 
ethylenediamine dihydrochloride in 2.5% phosphoric 
acid) was mixed with 50 µl of the culture medium. After 
a 20-minute incubation period, absorbance was measured 
at 540 nm using the same microplate reader as previously 
mentioned. NO concentration was determined using a 
standard curve prepared with sodium nitrite.

2.5.	 Western blot assay

RAW 264.7 cells were cultured in DMEM medium 
at a density of 5x105 cells per well for 24 hours. After 
pretreatment with GA-COS or COS (at concentrations 
ranging from 10 to 100 μg/ml) for 1 hour, LPS (1 μg/
ml) was introduced for 24 hours. The RAW 264.7 cells 
were lysed in RIPA buffer (comprising 150 mM NaCl, 
0.5 mM EDTA pH 8.0, 50 mM Tris pH 8.0, 1% Triton 
X-100, 0.5% sodium deoxycholate, and 0.1% SDS). 
Protein concentration was determined using the bio-rad 
protein assay with bovine serum albumin as the standard. 
Subsequently, 50 µg of protein was denatured in a 4x 
sample buffer (3:1) at 90°C for 4 minutes, followed 
by cooling in water for 2 minutes, repeated twice. The 
protein samples were then subjected to electrophoresis 
on a 12.5% polyacrylamide gel using the miniVE 
electrophoresis and electrotransfer system (Amersham 
Bioscience, USA). Subsequently, the proteins were 
transferred onto nitrocellulose membranes using the 
miniVE system and blocked with 5% skim milk for a 
minimum of 1 hour at room temperature. The membrane 
was incubated overnight at 4°C with primary antibodies 
against iNOS, NF-κB p50, and NF-κB p65 (Proteintech, 

USA) and then washed three times with 1X PBS/0.2% 
Tween 20. Following this, the membrane was incubated 
with a peroxidase-conjugated secondary antibody 
(1:1000) (Proteintech Group, Inc.) for 1 hour at room 
temperature and washed three times with 1X PBS/0.2% 
Tween 20. Finally, the membrane was developed using a 
3,3’,5,5’-Tetramethylbenzidine solution to visualize the 
western blot bands [12].

2.6. RNA isolation and reverse transcription-
polymerase chain reaction (RT-PCR) assay

RAW 264.7 cells were cultured in a culture medium 
at a density of 5x105 cells in each dish. Subsequently, the 
RAW 264.7 cells were incubated with GA-COS or COS 
(at concentrations ranging from 10 to 100 μg/ml) for 1 
hour and LPS (1 μg/ml) for 24 hours. Total RNA was 
then extracted using the All-In-One DNA/RNA Miniprep 
Kit (Bio Basic, USA) following the manufacturer’s 
protocol. The factors of interest were determined using 
the RT-PCR method [15]. To initiate cDNA synthesis, 2 
μg of total RNA was converted to cDNA using the primer 
reverse transcription system (Cole-Parmer, UK). The 
target cDNA was amplified using specific primers (Phusa 
Biochem, Vietnam) as follows: for TNF-α, forward 
5’-AGC-CCC-CAG-TCT-GTA-TCC-TT-3’ and reverse 
5’-CAT-TCG-AGG-TCT-CAG-TGA-AT-3’; for IL-1β, 
forward 5’-GGG-CCT-CAA-AGG-AAA-GAA-TC-3’ 
and reverse 5’-TCA-CAG-TTG-GGG-AAT-TCT-GC-3’; 
for IL-6, forward 5’-TTC-CAG-AAT-CCC-TGG-ACA-
AG-3’ and reverse 5’-TGG-TCA-AAC-TCT-TGG-GGT-
TC-3’; for glyceraldehyde 3-phosphate dehydrogenase 
(GADPH), forward 5’-GTC-AAC-GGA-TTT-GGT-
CGT-ATT-3’ and reverse 5’-AGT-CTT-CTG-GGT-GGC-
AGT-GAT-3’. The RT-PCR conditions, suitable for the 
MyTaq One-Step RT-PCR Kit (Meridian Bioscience, 
USA), included amplification cycles carried out at 45°C 
for 20 minutes (1 cycle), 95°C for 1 minute (1 cycle), and 
95°C for 10 seconds - 60°C for 10 seconds - 72°C for 
30 seconds (40 cycles). A 10 µl mixture was combined 
with 2 µl of GelRed and subjected to electrophoresis on a 
1% agarose gel for 20 minutes at 100 V. Finally, the gels 
were visualized under UV light using gel documentation 
image analysis software, VisionCapt.
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2.7.	 Statistical analysis

The data are presented as the mean±standard 
deviation (SD) of triplicate measurements. Multiple 
comparisons were conducted using the least significant 
difference (LSD), Duncan’s multiple range test, and one-
way analysis of variance (ANOVA) with Statgraphics 
Centurion software. Statistical significance was 
determined at p<0.05.

3. Results and discussion

3.1. Cell viability

In this study, RAW 264.7 cells were exposed to various 
concentrations of COS and GA-COS (ranging from 1 to 
250 µg/ml) to assess non-cytotoxic concentrations for 
subsequent experiments. As illustrated in Fig. 1, the cell 
viability data unequivocally indicate that both COS and 
GA-COS did not exhibit any significant toxicity towards 
RAW 264.7 cells at the tested concentrations. GA-COS, 
in particular, demonstrated a cell viability exceeding 
90% [9]. These results substantiate the non-toxic nature 
of COS and GA-COS at the concentrations assessed. It 
is noteworthy that previous reports have also established 
the non-toxicity of GA-conjugated COS in RAW 264.7 
cells across all tested concentrations [9, 15].
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Fig. 1. RAW 264.7 cell viability was determined by the MTT 
assay. 

The results of Fig. 1 shown are representative of 
separate experiments performed in triplicate. Error bars 
represent the standard error (SD).

3.2.	 Effects of GA-COS on nitric oxide production 
and protein expressions of iNOS in the LPS-induced 
RAW 264.7 cells

NO is a crucial mediator produced via the activity of 
the iNOS enzyme and plays a pivotal role in inflammation 
[6]. To elucidate the anti-inflammatory potential of 
GA-COS, an investigation was conducted to ascertain 
whether GA-COS influenced NO production in LPS-
stimulated RAW 264.7 cells. The level of NO in the 
culture medium following LPS induction was assessed 
using the Griess reagent. As depicted in Fig. 2, GA-COS 
exhibited a significantly enhanced inhibitory effect on 
NO production, whereas COS demonstrated only a slight 
increase in inhibition at a concentration of 100 µg/ml. 
Specifically, GA-COS demonstrated an inhibition of NO 
production at 46.23±1.02%, whereas COS achieved an 
inhibition of 10.83±0.25%. This outcome underscores 
the capacity of GA grafted onto COS to improve the 
inhibition of NO production compared to the unmodified 
COS chain, thereby substantiating its potential for 
mitigating inflammation.
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Fig. 2. Effects of GA-COS on NO production inhibition in 
the LPS-stimulated RAW 264.7 cells. 

The results of Fig. 2 shown are representative of 
separate experiments performed in triplicate. Error bars 
represent the standard error (SD). Letters a, b indicate 
significant difference, p<0.05.

iNOS is an enzyme that plays a pivotal role in the 
inflammatory response. Increased expression levels of 
iNOS result in heightened NO production within cells, 
thereby contributing to inflammatory diseases. Western 
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10.83±0.25%. This outcome underscores the capacity of GA grafted onto COS to 

improve the inhibition of NO production compared to the unmodified COS chain, 

thereby substantiating its potential for mitigating inflammation. 
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blot analysis was conducted to assess the inhibitory effect 
of GA-COS on iNOS protein expression. Following 
a 1-hour pretreatment with GA-COS, RAW 264.7 
macrophages were subsequently stimulated with LPS for 
24 hours. GA-COS exhibited a concentration-dependent 
reduction in the expression of iNOS at the translational 
level (Fig. 3). Notably, a significant difference was 
observed compared to cells treated with COS, indicating 
the superior activity of GA-COS in suppressing iNOS 
expression in LPS-stimulated RAW 264.7 cells.

 

Fig. 3. Effects of GA-COS and COS on protein expression 
of iNOS in LPS-induced RAW 264.7 cells. 

The results of Fig. 3  shown are representative of 
separate experiments performed in triplicate. Error bars 
represent the standard error (SD). Letters a-e indicate 
significant difference, p<0.05.

3.3.	 Effects of GA-COS on the mRNA expression of 
TNF-α, IL-1β, and IL-6 in the LPS-induced RAW264.7 
cells

To assess the impact of GA-COS on the production 
of pro-inflammatory cytokines, namely TNF-α, IL-
1β, and IL-6, RAW264.7 cells were exposed to GA-
COS for 1 hour and subsequently stimulated with LPS 
(1 μg/ml) for 24 hours. The results, as presented in 
Fig. 4, demonstrate that GA-COS led to a reduction in 

mRNA expression levels in LPS-induced RAW264.7 
macrophages. At a concentration of 50 μg/ml, GA-COS 
exhibited inhibitory effects on the secretion of TNF-α, 
IL-1β, and IL-6 at levels of 92.44±2.99, 94.92±1.22, 
and 144.37±5.39%, respectively. It is noteworthy that, 
at equivalent concentrations, the influence of COS in 
reducing cytokine secretion was significantly lower than 
that of GA-COS.

The results shown are representative of separate 
experiments performed in triplicate. Error bars represent 
the standard error (SD). Letters a-e indicate significant 
difference, p<0.05.

3.4.	 Effects of GA-COS on NF-κB signalling 
activation

NF-κB, comprising two subunits, p50 and p65, is a 
pivotal transcription factor responsible for regulating 
the expression of numerous proinflammatory mediators, 
including cytokines (IL-1α, IL-1β, IL-6, and TNF-α) 
and chemokines (IL-8, CCL2). In normal cells, NF-κB 
exists in an inactive complex state, sequestered in the 
cytoplasm by binding to an inhibitor known as I-κB. 
Stimulation of cells by inflammatory factors, such as UV 
radiation or bacterial agents, induces NF-κB activation. 
Following phosphorylation, NF-κB leads to the 
degradation of I-κB and translocates into the nucleus to 
initiate the transcription of target genes [16]. In our study, 
RAW 264.7 cells, stimulated by the extracellular agent 
LPS for 24 hours, exhibited increased expression of p50 
and p65 proteins, with β-actin serving as a control. The 
inflammatory response was triggered by the interaction 
between LPS and toll-like receptor 4 (TLR4), culminating 
in the activation of the myeloid differentiation factor 88 
(MyD88) signalling pathway. Subsequently, downstream 
signalling pathways, such as the NF-κB pathway, were 
activated, leading to nuclear translocation and the 
production of inflammatory cytokines and mediators 
[1]. As depicted in Fig. 5, the GA-COS derivative 
demonstrated a reduction in the expression levels of 
p50 and p65 proteins at concentrations ranging from 
10 to 100 µg/ml, exhibiting a significant improvement 
compared to COS. Previous studies have also indicated 
that gallic acid-conjugated COS downregulates NF-κB 
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Fig. 4. Effects of GA-COS on the mRNA expression of TNF-α, IL-1β, and IL-6 in the LPS-induced RAW264.7 cells. 
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protein signalling expression [12]. Fig. 6 provides an 
illustrative representation of the mechanism underlying 
the inhibition of NF-κB signalling by GA-COS.        

The results of Fig. 5 shown are representative of 
separate experiments performed in triplicate. Error bars 
represent the standard error (SD). Letters a-e indicate 
significant difference, p<0.05.

4. Conclusions

GA-COS exhibited anti-inflammatory properties 
by suppressing NO formation, inhibiting iNOS protein 
expression, and downregulating the expression of p50 
and p65 protein signals. Furthermore, it regulated the 
expression of pro-inflammatory cytokines such as 
TNF-α, IL-1β, and IL-6. This study lays the groundwork 
for future research to demonstrate that GA-COS holds 
significant potential as a novel compound for the 
prevention of inflammatory diseases.
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1. Introduction 

In Vietnam, cheese has been considered a western dish 
and not a major focus of dairy manufacturers because of 
deficiencies in domestic raw milk. Indeed, nearly 86% of 
cheese products are imported in Vietnam [1]. However, 
an increase in cheese consumption has been recently 
recognized. Cheese consumption has risen by 8.3%/
yr from 2016 to 2020, expanding to 9.3%/yr in 2023. 
Due to the increasing cheese demand, processing cheese 
products from local raw milk has recently gained a lot of 
attention from dairy manufacturers in Vietnam.

Quark-type cheese, a traditional food in the cuisines 
of Central Europe, is one of the most well-known acid-
coagulated cheese types with a smooth texture and a 
mild, slightly sour flavour. Quark cheese technologies 
and manufacture have been thoroughly reviewed [2], 
and was modified until today. In quark-type cheese 
production, milk is pasteurized before cooling to 28-

30°C, followed by acidic and rennet coagulation [3]. 
Compared with other cheese products, quark-type cheese 
could be produced faster. 

Milk coagulation properties (MCPs) play an important 
role in the success of the cheese-making process and 
are influenced by different parameters such as raw milk 
quality, heat treatment of raw milk, concentration of 
Ca2+, rennet addition, and pH for coagulation by rennet. 
Previously, Z. Miloradovic, et al. (2018) studied the effect 
of heat treatment on the characteristics of Quark cheese 
made from cow and goat milk [4]. The results showed 
a significant influence of heat treatment on the texture 
and relative protein proportions in cow quark cheese, 
while there was no influence on the texture of goat quark 
cheese. Recently, C.D. Thybo, et al. (2020) [5] reported 
a balance between micellar and free calcium in curd 
and serum phases during direct acidification of bovine 
milk by changing the organic acid type. Citric acid was 
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more efficient than lactic acid at lowering free calcium 
concentration, while the effect of temperature was larger 
for acidification with lactic acid. Moreover, acidification 
temperature had little effect on curd yield [5].  As those 
parameters influence cheese yield and quality at both 
laboratory and industry levels [6], it is important to 
investigate them for raw milk specific to each region. 

 Thus, the aim of this study is to evaluate Vietnamese 
raw milk quality for cheesemaking, and to discover the 
effect of factors in the coagulation of milk to apply to 
quark-type cheese processing. 

2. Materials and methods

2.1. Materials

Raw milk was collected from Phu Dong Dairy Farm, 
Gia Lam, Hanoi, Vietnam in the morning from March to 
September 2022. Raw milk was kept at 4°C immediately 
after milking and transported to the laboratory for 
analysis of dry matter, protein and fat content, acidity, 
and freshness. Before the preparation of cheese samples, 
the raw milk was stored for no longer than 24 h at 4°C. 

The enzyme Marzyme® (Danisco, USA) was 
produced by fermentation of pure broth of the fungus 
Rhizomucor miehei. The optimal pH 5.5-6.0; optimal 
temperature is 36-40°C, and its enzyme activity is 703-
738 IMCU/ml. The recommended dosage from the 
product manufacturer is 24-48 IMCU/l milk. 

CaCl2 salt was obtained from Solvay, Italy. Lactic acid 
solution was obtained from PURAC® FCC, Thailand. 

2.2. Methods

2.2.1. Raw milk analysis 

Density, pH and total dry matter of raw milk 
were analysed according to TCVN 7405:2018 (ISO 
6731:2010). Titratable acidity was measured according to 
AOAC 947.05. Protein and fat content were determined 
using the Kjeldahl method (ISO 8968-1:2014) and Gerber 
method (ISO 19662:2018), respectively. 

2.2.2. Heat treatment for cheesemaking milk 

500 ml of raw milk was prepared in a 1-l glass 
container and then heated indirectly in a water bath at 
60°C for 15 min, 60°C for 30 min, and then 72°C for 15 
min (Table 1).

Table 1. Experimental design of heating treatment.

Sample Temperature (°C) Time (min)
Raw milk - -
Heated milk 1 60 15
Heated milk 2 60 30
Heated milk 3 72 15

Milk after heat treatment was analysed for total micro-
organisms, E. coli, Coliform, S. aureus, mould, and yeast [7]. 

2.2.3. Quark cheese processing

500 ml of raw milk was prepared in a 1-l glass 
container. The raw milk was pasteurized as in Section 
2.2.2 followed by a cool down to 25°C. Heated milk was 
adjusted to pH 5.5 using lactic acid and then the enzyme 
was added. After coagulation, the curd was cut into 1-cm3 
cubes and gently stirred at 38°C before draining. The 
curd was transferred to moulds with pressure of 0.03 kg/
cm2 and kept at room temperature for 1 h. Cheese was 
withdrawn from moulds, wrapped in plastic bags, and 
stored at 4°C.

2.2.4. Coagulation time 

Coagulation time was determined according to IDF 
Standard 157: 2007/ISO 11815 and Z. Miloradovic, et 
al. with some modifications [4]. A spatula was inserted 
into the gel several times. Coagulation time was defined 
as the interval between the addition of the enzyme to the 
milk and the appearance of visible clusters of casein on 
the surface of the spatula.

2.2.5. Coagulation conditions 

There are two main factors affecting coagulation for 
quark cheese processing: temperature and pH. A total of 
16 samples were prepared with different temperature and 
pH conditions as shown in Table 2. 

Table 2. Experimental design of coagulation conditions.

Sample 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Temperature (°C) 30 35 40 45
pH 5.0 5.5 6.0 6.6 5.0 5.5 6.0 6.6 5.0 5.5 6.0 6.6 5.0 5.5 6.0 6.6
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2.2.6. Curd yield of Quark cheese 

Curd yield was calculated as follows: 

Curd yield = 

4 
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2.2.6. Curd yield of Quark cheese:  

Curd yield =

2.2.7. Textural property 

Mass of cheese x Dry matter of cheese

Mass of milk x Dry matter of milk

: textural properties were analysed 

by the texture analyser TA.XT plus (Stable Micro System, Godalming, UK) according to 

Szkolnicka et al. with some modification [8]. Texture profile analysis (TPA) includes the 

assessment of the following characteristics: hardness (g.cm/s-2) (the peak force during the 

2.2.7. Textural property analysis of Quark cheese

Textural properties were analysed by the texture 
analyser TA.XT plus (Stable Micro System, Godalming, 
UK) according to K. Szkolnicka, et al. (2021) [8] with 
some modification. Texture profile analysis (TPA) 
includes the assessment of the following characteristics: 
hardness (g.cm/s-2) (the peak force during the penetration 
of the sample), springiness (the distance of the detected 
height during the second compression divided by the 
original compression distance), and cohesiveness (the 
area of work during the second compression divided by 
the area of work during the first compression). After 24 
h of refrigerated storage (4°C), the samples underwent 
textural analysis. The cheese sample was taken out from 
4°C and cut into 40x40 mm squares with 25 mm height. 
The samples were penetrated with a cylindrical 25-mm 
diameter aluminium probe. The test speed was at 2 mm/s 
and trigger force was at 5 g.

2.2.8. Statistical analyses

Physicochemical and textural analyses were performed 
in triplicate. The obtained results were statistically 
analysed at the significance level p=0.05 using Microsoft 
Excel. Mean values and standard deviations were 
calculated and the values were compared by ANOVA.

3. Results and discussion

3.1. Raw milk quality 

Raw milk was immediately kept at 4°C after 
collection. Physical and chemical properties of the raw 
milk are presented in Table 3.

Table 3. Physicochemical parameters of raw milk.

Analytical parameters Raw milk
Vietnamese standard
TCVN 7405:2018

Dry matter (%) 12.9±0.5 ≥11.5
Fat (%) 4.0±0.4 ≥3.2
Protein (%) 3.1 ± 0.2 ≥2.8
Density (g/ml) 1.027 ≥1.026
pH 6.6 -
Acidity (°T) 15-17 -

The results show that raw milk collected from Phu 
Dong Dairy Farm met the requirements of Vietnamese 
standard TCVN 7405:2018. However, fat and protein 
content were significantly higher than that specified in 
TCVN 7405:2018, which were suitable for coagulation 
process during Quark cheese making. 

3.2. Effect of heat treatment on the coagulation of 
milk

Effect of heating treatment on the microbial quality 
of milk for cheese processing: Table 4 shows that 
raw milk only met the requirement of total number of 
aerobic microorganisms (3x106 CFU/ml), while other 
requirements were not met. “Heated milk 1” almost 
reached the microbiological criteria for pasteurized milk 
TCVN 5860:2019 (104 CFU/ml). However, the ability 
of coagulation of milk by rennin is known to decrease 
with heat treatment >70°C. Heat-treated milk has longer 
coagulation times and a gel structure softer than unheated 
milk [9]. The accessibility of k-casein bonds (Phe105-
Met106) could be reduced by forming complexes with 
whey protein or precipitation of calcium phosphate by 
heating [10]. Although cheese made from unpasteurized 
milk is considered to have a better flavour, most 
producers pasteurize the milk to eliminate risks from 
microorganisms.

Table 4. Effect of heating treatment on the microbial quality 
of milk for cheese processing.

CFU/ml
Raw 
milk

Heated 
milk 1

Heated 
milk 2

Heated 
milk 3

Total micro-organisms 2.6x106 6x104 7.5x103 <10

E. coli 3.2x103 N.D N.D N.D

Coliform N.D N.D N.D N.D

S. aureus 8x103 N.D N.D N.D

Yeast & Mould 1.2x103 N.D N.D N.D

To study the effect of heat treatment on coagulation 
time and curd yield of fresh milk, the heat treatment was 
caried out as in Table 1 and the results are shown in Fig. 
1. The results indicate that the curd yield of “Heated 
milk 2” was the highest and the coagulation time of 
“Heated milk 1” was the shortest. However, there are no 
significant differences compared to the raw milk (p>0.05). 
Heat-treated milk made protein recovery content in 
cheese increase due to denaturation of whey protein. 
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The formation of whey protein/k-casein complexes 
at the surfaces of casein micelles or in the whey phase 
interferes with the contraction of curds and increase the 
moisture-holding capacity. However, excessive moisture 
is a common drawback of cheeses made from heated 
milk [9]. The recovery efficiency of the unpasteurized 
sample is like the others, but the quality of cheese drops 
significantly, especially in the texture aspect.

The effect of heat treatment on the texture of quark 
cheese is presented in Table 5. The longer the heating 
time and higher the temperature, the lower the quality of 
cheese. Especially with harsh pasteurizing temperatures, 
the hardness and cohesion of cheese made from “Heated 
milk 3” decreased from time to time. In general, the quality 
of cheese was negatively affected by heating. Cheeses 
produced from milk heated more than 70°C had lower 
hardness, fracture stress, fracture strain, surface hardness, 
and fracture hardness than milk cheeses with milder 
heating [2]. These trends are reflected in the interactive 
effects of altered composition (such as higher moisture 
content) and the effect of denatured whey/ protein/para-
k-casein complexes on para-micelles. Casein forms the 

load-bearing protein network of cheese texture. Higher 
humidity also made the cheese softer and crumblier than 
cheese from milk with a mild heating setting [6].  

For the “Heated milk 2” sample, hardness increased 
with storage time due to the loss of whey. The quality of 
cheese is not stable because the cohesion and flexibility 
decreased during storage. Overall, cheese from “Heated 
milk 1” had a similar structure to the unpasteurized 
sample. 

3.3. Effect of coagulation conditions for quark 
cheese processing 

At pH 5.0, coagulation time was not determined 
for the four temperature ranges because milk at pH 5.0 
reaches the isoelectric point of casein in milk medium 
(pH 4.6-4.7) wherein casein was coagulated by the H+ 
ions of lactic acid that binds to the negatively charged 
casein micelle and reduces the charge, causing the casein 
micelles to clump together, causing agglomeration.

In contrast, coagulation did not occur at pH 6.6. After 
adding enzymes and holding the investigated temperature 
for 1 h, the milk remained liquid and the fat scum easily 
emerged. This was because pH 6.6 is outside the optimum 

Table 5. Effect of heat treatment on the structure of curd after storage.

Sample/storage time Hardness (g.cm/s-2) Cohesiveness Springiness

24 h 72 h 24 h 72 h 24 h 72 h

Raw milk 3.60±0.09 3.94±0.52 0.57±0.05 0.50±0.04 2.32±0.09 2.40±0.26

Heated milk 1 4.78±0.77 4.48±0.79 0.50±0.05 0.53±0.04 2.41±0.53 2.40±0.62

Heated milk 2 3.85±0.43 4.10±0.93 0.48±0.05 0.41±0.07 1.97±0.39 1.62±0.14

Heated milk 3 2.70±0.36 2.61±0.25 0.47±0.09 0.43±0.08 1.02±0.07 1.00±0.13

Values are expressed as mean ±SD (n=3). Values within a column not sharing a common superscript differ (p<0.05). 
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Fig. 1. Effect of heat treatment on the coagulation time and curd yield in coagulation.
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pH range of MARZYME®, which caused the enzyme to 
hydrolyse κ-casein very slowly making it difficult for the 
milk to coagulate to form a milky mass. 

At 30 and 35°C, the coagulation time was higher than 
those at 40 and 45°C. At pH 6.0, the time until coagulation 
appeared was higher than at pH 5.5. In general, the lower 
the pH and the higher the temperature, the faster the 
coagulation time. When coagulating at pH 5.5 and 6.0, it 
gave a smooth and firm milky mass, and the coagulation 
time was short, especially at 40 and 45°C (Fig. 2).

The curd yield in samples with pH 5.0 was the lowest 
because the casein had coagulated immediately after 
lowering the pH. At a coagulation pH of 5.0, cheese 
products had the hardest texture, while the lowest 
hardness was achieved at a coagulation pH of 6.0. In fact, 
when storing cheese, for samples with pH 6.0, the whey 
in the cheese mass escaped the most, whereas samples 
at pH 5.0 and 5.5 were almost absent. This also affects 
product quality after storage (Fig. 3).

Fig. 2. Time of coagulation appearance with different conditions of temperature and pH.
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3.4. Effect of Ca2+ on the coagulation of milk in 
cheese processing

3.4.1. Effect of Ca2+ on the coagulation time 

Calcium addition contributes to the increase of 
bridging between casein micelles, further facilitating 
coagulant formation [11]. Through its effect on the milk-
salt system, the addition of Ca2+ also slightly lowers the 
pH of milk, promotes rennin activity, and reduces whey 
protein denaturation. The effect of calcium ions on the 
coagulation time of fresh milk is illustrated in Fig. 4. 

From Fig. 4, it was clearly seen that there was 
a significant difference in the time of coagulation 
appearance between samples with different concentrations 
of CaCl2 (p<0.05). The time until the appearance of 
coagulation decreased gradually when the concentration 

of CaCl2 increased in the range from 0.4-0.8 g/l milk. At 
a concentration of CaCl2 0.8 g/l, the shortest coagulation 
time was found, which was not too different from the 
time at a concentration of 0.6 g/l milk (p<0.05). 

3.4.2. Effect of Ca2+ on the curd yield and curd 
structure 

The concentration of CaCl2 also affects the yield 
of cheese, but this difference was not too significant at 
the measured concentrations (p>0.05). The curd yield 
was described as the nutrients in the recovered cheese 
contained in the milk, so yield would be related to the 
ability to retain moisture and especially protein, fat, and 
calcium in the milk mass. The moisture content of the 
cheese was not significantly affected by the addition of 
calcium at different concentrations at any pH during milk 
coagulation [11].
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At a concentration of 0.8 g/l, the best recovery 
efficiency was obtained, however, the difference was not 
large when compared with concentrations of 0.4 and 0.6 
g/l (p>0.05). Regarding the dry matter content, although 
there was no significant difference, the results obtained 
at a concentration of 0.8 g/l were lower than that of the 
sample at 0.4 g/l. According to L. Ong, et al. (2013) 
[11], there was no significant difference (p>0.05) in the 
amount of fat retained in the final cheese. On the other 
hand, when tasting the cheese at concentrations of 0.6 
and 0.8 g/l, we could feel the brackish taste of CaCl2 salt 
in cheese the cheese [11].

The texture of raw curd increased gradually and was 
better than the sample without CaCl2 at concentrations 
from 0 to 0.6 g/l, but the difference between 
concentrations was not significant (p<0.05). However, at 
a CaCl2 concentration of 0.8 g/l, the structure was not 
only bad at concentrations of 0.4 and 0.6 g/l, but worse 
than the sample without CaCl2. In addition, the product 
quality at a concentration of 0.8 g/l was also unstable 
when measuring the structure.

CaCl2 with a concentration of 0.4 g/l in milk gave 
the best results in terms of coagulation time, product 
recovery efficiency, and product concentration as well as 
when the samples were tasted. 

4. Conclusions
This study shows that raw milk from Phu Dong Dairy 

Farm, Gia Lam, Hanoi meets the standards for quark 
cheese processing. The optimal conditions for quark 
processing were determined: heat treatment of milk 
at 60°C for 15 min, coagulation temperature at 40°C, 
coagulation pH at 5.5, and concentration of CaCl2 at 
0.04 g/l milk. These results suggest that quark cheese 
processing could be further carried out on a pilot scale 
with high commercial potential to apply on larger scales.  
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1. Introduction

The Coronavirus is an enveloped RNA virus belonging 
to the Coronaviridae family and primarily affects 
humans, as well as other species such as mammals and 
birds, causing various respiratory problems. Researchers 
have classified the Coronaviridae family into four 
genera, namely α, β, γ, and δ, based on the structure 
of the genome and phylogenetic analysis. The γ and δ 
genera mainly infect birds, while the α and β genera are 
commonly reported to infect mammals and humans [1]. 

Prior to the COVID-19 outbreak, two pandemics caused 
by β-CoV occurred: severe acute respiratory syndrome 
coronavirus (SARS-CoV, 2002-2003) and Middle East 
respiratory syndrome coronavirus [2]. COVID-19, caused 
by the SARS-CoV-2 virus, predominantly manifests as 
a respiratory tract infection-like illness, characterized 
by symptoms such as fever, dry cough, upper airway 
congestion, runny nose, sore throat, myalgia, headache, 
and exhaustion. While diarrhea has been recorded in a 
few patients, dyspnoea is a potential symptom in certain 
individuals. Severe cases of COVID-19 can rapidly 
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progress to septic shock, acute respiratory distress 
syndrome, and coagulation dysfunction [3].

Currently, there are two main groups of clinically 
and commercially available COVID-19 tests. The first 
category comprises molecular assays for detecting 
SARS-CoV-2 viral RNA using PCR-based or nucleic acid 
hybridization-related methods. The second group consists 
of immunological and serological tests that focus on 
identifying antibodies and antigens in infected individuals 
[3, 4]. However, these techniques require specialized 
equipment, are time-consuming, and labour-intensive, 
highlighting the urgent need for rapid, convenient, and 
affordable technologies. Consequently, there has been 
increased interest in immunogold labelling technology, 
which offers excellent sensitivity, a simple procedure, 
and rapid detection in immunoassays. LFA production 
has been developed to address these considerations. 
As of June 2021, 1,102,383 RT-qPCR tests had been 
performed, compared to 36,663,990 antigen quick tests 
(AQT) used by citizens in Europe [5].

Both the spike glycoprotein (S-protein) and 
the nucleocapsid (N-protein) can serve as primary 
immunoassay targets for SARS-CoV-2 [3]. The 
coronavirus spike protein, a trimeric single-pass membrane 
protein, plays a crucial role in the early stages of the virus 
infection cycle by facilitating the fusion of viral and host 
cell membranes. It consists of a long ectodomain, a single-
pass transmembrane anchor, and a short intracellular tail. 
The ectodomain comprises the receptor-binding domain 
(RBD) subunit S1 and the membrane-fusion subunit S2. 
The S1 subunit attaches to a receptor on the host cell 
surface, while the S2 subunit merges the host and viral 
membranes to enable viral entry into host cells [6, 7]. 
The coronavirus nucleocapsid protein, which interacts 
with the viral membrane protein during virion assembly 
and forms complexes with genomic RNA, serves as 
a structural protein with multiple functions. It plays a 
crucial role in enhancing virus transcription, translation, 
and assembly [8]. Additionally, the nucleocapsid protein 
elicits a highly antigenic response and is frequently the 

primary target of the immune response, particularly 
with immunoglobulin G-dominated antibodies [9]. 
Moreover, the nucleocapsid protein employs strategies 
to evade the host’s innate immune system by interfering 
with interferon production, which is essential for the 
viral pathogenesis response [10]. The detection of the 
SARS-CoV-2 antigen has predominantly focused on 
the receptor-binding domain of the S1 subunit and the 
nucleocapsid N protein, considering their significance in 
the pathophysiology and immunogenicity of the SARS-
CoV-2 virion in the human body. 

Since the onset of the pandemic, nasopharyngeal 
swabs (NS samples) have been widely used as the primary 
samples for SARS-CoV-2 diagnosis due to the high viral 
loads and early expression in the nasopharyngeal region, 
with viral loads ranging from approximately 9.9×10² to 
1.2×108 copies/ml within the first 7 days [11]. However, 
the use of deep nasopharyngeal swabs has been reported 
as uncomfortable for both adults and children. As a result, 
based on user feedback and complaints, saliva specimens 
have been employed for COVID-19 LFAs throughout 
the United States, even though the reported viral load in 
saliva specimens is lower than that in nasopharyngeal 
swabs, ranging from 10² to 10³ copies/ml [12]. Saliva 
samples have shown lower positivity rates (88%, 95% 
CI: 81 to 93%) compared to nasopharyngeal swabs [13]. 
Despite the challenges posed by saliva components, 
such as viscosity and enzyme activity, saliva remains 
a promising and comfortable sample type for SARS-
CoV-2 LFAs.

Gold nanoparticle technology has been extensively 
utilized in LFA production. Various sizes of gold 
nanoparticles have been investigated for colorimetric 
analysis in LFAs. Larger gold nanoparticle sizes over 60 
nm can lead to unstable outcomes in LFAs, although they 
exhibit a significant increase in colour [14, 15]. In recent 
years, with advancements in LFA development and the 
application of the enzyme-linked immunosorbent assay 
(ELISA) principle in LFAs, researchers have explored the 
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use of HRP enzymes as labels to build competitive LFAs 
for the multiplexed study of carbaryl and endosulfan, 
comparing the results obtained with different systems 
[16]. The application of the TMB substrate in HRP 
amplification involves a chemiluminescence reaction 
where HRP reduces hydrogen peroxide and oxidizes 
TMB, resulting in a colour change from colourless to 
blue, facilitating visual observation. Furthermore, HRP-
TMB amplification has shown a 100-fold improvement 
in signal compared to conventional AuNP-based methods 
[17, 18]. 

Based on the information mentioned above, this study 
aims to investigate the use of 80 nm AuNPs in LFA 
production for the detection of SARS-CoV-2 N protein 
using human saliva samples. Additionally, the study 
explores the use of HRP as an enhancer to improve the 
LOD in AuNP-based LFAs and compares the results to a 
commercial LFA from China.

2. Materials and methods

2.1. Materials

Gold Conjugation Kit (80 nm, 20 OD) and HRP 
Conjugation Kit - Lightning-Link® were purchased 
from Abcam (Cambridge, UK). Hi-FlowTM Plus 180 
nitrocellulose membrane cards, C083 Cellulose Fiber 
Sample Pad Strips, and Glass Fiber Diagnostic Pad 
were purchased from Merck Millipore (Burlington, 
Massachusetts, USA). Saliva was collected from 
volunteers. SARS-CoV-2 Nucleocapsid Recombinant 
Protein (RP-87665, Invitrogen) was selected as the target 
antigen for all experiments. SARS-CoV-2 Nucleocapsid 
Recombinant Rabbit Monoclonal Antibody (3E8A5, 
Invitrogen) was used as the capture antibody, and Anti-
SARS-CoV-2 Nucleocapsid antibody produced in mouse 
(7B3, Sigma-Aldrich) was used as the detection antibody, 
while Anti-Rabbit IgG (whole molecule) antibody 
produced in goat (R1131, Sigma Aldrich) was used as the 
control antibody. Healthy saliva samples were collected 
from volunteers. 

2.2. Methods

2.2.1. Preparation of detection antibody-gold 
nanoparticle (Ab-AuNPs) conjugates

The detection antibody (detection Ab) was conjugated 
to 80 nm AuNPs using the Gold Conjugation Kit 
(ab154876, Abcam) following the user manual. The 
UV-Vis spectra of bare AuNPs and detection Ab-AuNPs 
conjugates were analysed using a microplate reader 
(Synergy HT, Biotek). Absorbance spectra from 450-
600 nm with 1 nm-step intervals were recorded for both 
solutions. A successful conjugation was expected to 
result in a right shift in the UV-Vis spectra due to the 
change in the local refractive index of the nanoparticles.

2.2.2. Preparation of detection antibody-horseradish 
peroxidase (Ab-HRP) conjugates

The detection antibody (detection Ab) was conjugated 
to HRP using HRP Conjugation Kit - Lightning Link ® 
(ab102890, AbCam) according to the user manual. 

2.2.3. Optimization of different lateral flow assay 
parameters

Prior to the optimization process, the functionality 
of both capture and control antibodies, as well as the 
detection Ab-AuNPs conjugation, was tested on the 
half-strip model. The two antibodies (capture Ab and 
control Ab) were diluted in PBS pH 7.4 buffer and 
dotted on the nitrocellulose membrane to create a test 
line (T-line) and a control line (C-line). The membrane 
was then blocked with 1% (w/v) BSA for 15 minutes to 
minimize nonspecific binding, followed by complete air-
drying before testing. Detection Ab-AuNPs conjugates 
were diluted in PBS pH 7.4 buffer containing 1% BSA. 
For testing the half-strip models, detection Ab-AuNPs 
conjugates were premixed with SARS-CoV-2 N protein 
at 500 ng/ml, which was further diluted in 1X PBS. 

Three parameters of the LFA strips were optimized 
in this study: The concentration of capture antibody, 
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the concentration of Ab-AuNPs conjugate, and the 
concentration of Ab-HRP conjugate.

(1) Capture antibody concentration: Different dilution 
rates of capture antibody (0.5, 0.2, and 0.1 mg/ml) were 
prepared using 1X PBS pH 7.4 buffer and dotted on the 
membrane to create the T-line. The C-line was prepared 
at a concentration of 0.5 mg/ml, followed by dropping 
a mixture of detection Ab-AuNPs conjugates and 
diluted SARS-CoV-2 N protein onto the nitrocellulose 
membrane.

(2) Conjugate concentration: The intensity increased 
with higher conjugate concentrations. Detection Ab-
AuNPs conjugate was prepared at different dilution 
rates of 1:2, 1:5, and 1:10, and then applied onto the 
nitrocellulose membrane after mixing with diluted 
SARS-CoV-2 N protein. 

(3) Ab-HRP concentration: The Ab-HRP was serially 
diluted at different ratios ranging from 1:1 to 1:5000 by 
1X PBS pH 7.4 buffer.

2.2.4. Test-strip performance with HRP enhancement

The full strip model of the LFA was assembled 
based on the established optimal conditions. SARS-
CoV-2 N protein was resuspended and serially diluted 
in saliva samples, ranging from 500 ng/ml to 50 pg/ml. 
Each extracted sample (500 μl-1 ml) was added to the 
extraction buffer of the COVID-19 Antigen Rapid Test 
Kit (eDiagnosis). Subsequently, 100 μl of each extracted 
sample was applied to the developed test strips, and the 
signals were observed. To enhance the band intensity, all 
strips were washed with 1X PBS pH 7.4 buffer at least 
once. An optimal concentration of Ab-HRP (70 μl) was 
directly dropped onto the sample pad for absorbance. 
After 10 minutes in dark conditions, 5 μl of TMB 
substrate was added directly to the T-line and C-line of 
all strips for colour appearance. The reaction was stopped 
by washing the unbound Ab-HRP with 1X PBS.

2.2.5. LOD and comparison with the commercial test 
kit

Spiked saliva samples (100 μl) were dropped onto the 
Easy Diagnosis Antigen Kit Test to estimate the LOD. 
The results were compared with our developed test strip, 
which included HRP enhancement. Band intensities were 
observed visually and further analysed using ImageJ 
software. The LOD was determined as the lowest antigen 
concentration at which the test line was still visible. 

3. Results

3.1. Establishment of a lateral flow assay for 
detecting SARS-CoV-2 nucleocapsid protein

The working principle of our LFA design is illustrated 
in Fig. 1. Initially, the extracted sample is applied to the 
sample pad. The antigens present in the sample migrate 
towards the conjugation pad and bind with the detection 
Ab-AuNPs conjugates. The N protein-detection Ab-
AuNPs complexes are captured by the immobilized 
capture antibody (capture Ab) at the T line, forming a 
sandwich structure. Any excess detection Ab-AuNP 
conjugates that do not bind to antigens are captured at the 
C line by anti-rabbit IgG, indicating a positive signal and 
confirming the proper functioning of the assay. 

To evaluate the functionality of the assay, we first 
assembled a half-strip model, which consisted of only the 
nitrocellulose membrane and absorbent pad, and pre-mixed 
the sample with the detection Ab-AuNPs conjugates. The 
half-strip models were used to test samples containing N 
protein at a concentration of 1 μg/ml. A valid outcome of 
the strip should show the appearance of both the T line 
and C line in red colour (Fig. 1A), while the absence of 
the C line or the appearance of both lines indicates an 
invalid result (Fig. 1D). Subsequently, detection Ab-HRP 
was applied to the valid strips to enhance the signal (Fig. 
1B). For signal examination, TMB substrate was directly 
added to the T line and C line, resulting in the appearance 
of blue colour in both lines for a positive result and only 
the C line appearance for a negative result (Fig. 1C).
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3.2. Full strip model  

After confirming the functionality of the assay 
using the half-strip models, we developed the full strip 
model of the LFA for SARS-CoV-2 N protein detection. 
Experiments were conducted to determine the optimal 
assembly conditions to achieve a good signal-to-noise 
ratio. A high level of background noise would hinder the 
subsequent HRP enhancement, as it would result in the 
entire strip turning blue, reducing the colour intensity 

observed visually. Through optimization experiments, 
we determined that the optimal dilution concentration of 
the capture Ab was 0.2 mg/ml, the dilution rate of the 
detection Ab-AuNPs conjugate was 1:5, and the dilution 
rate of the detection Ab-HRP conjugate was 1:1000. Fig. 
2 illustrates the appearance of the developed full strip, 
including the sample pad, conjugate pad, nitrocellulose 
membrane, and absorption pad, after being tested with N 
protein at a concentration of 500 ng/ml.

Fig. 1. The designed LFA strips for SARS-CoV-2 detection and its principle. (A) The principle of LFA using AuNP technology; 
(B) The binding of Ab-HRP into the based-AuNPs LFA strips; (C) The colour changes of HRP with TMB substrate reaction; (D)  
Interpreting results of LFA strips.
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Fig. 2. The result of the developed full-strip, including the 
sample pad, conjugate pad, nitrocellulose membrane, and 
absorption pad, after being tested with 500 ng/ml SARS-
CoV-2 N protein.

3.3. Evaluation of LOD of LFA strip 

To determine the LOD of the LFA strips, SARS-CoV-2 
N proteins were prepared at different concentrations 
ranging from 1 μg/ml to 50 pg/ml. After preparing complete 
LFA strips, samples with different concentrations were 
applied to the strips. Visual examination of the strips 
revealed the development of a positive signal at the T 
line for samples with concentrations ≥10 ng/ml (Fig. 3). 
For samples with concentrations lower than 10 ng/ml, the 
T line either showed a faint red line or no signal. Strong 
positive signals were observed at the C line in all test 
strips, indicating that they were functioning properly.

3.4. Enhancement of LFA strip sensitivity by HRP 
enhancement  

To enhance the LOD of the LFA strip for the N 
protein, the HRP enhancement method was applied 
after the strips showed certain signals. Specifically, LFA 

strips from the LOD experiments mentioned above were 
washed with 1X PBS buffer and treated with detection 
Ab-HRP, followed by 10 minutes of incubation in dark 
conditions. Visual examination of the signal intensities 
showed that the band intensities changed from the red 
colour of AuNPs to the blue colour due to the oxidation 
of the TMB substrate by HRP. As a result, the LOD was 
improved to 50 ng/ml through HRP enhancement, which 
represented a 200-fold increase compared to the AuNP 
method. The signal intensities before and after signal 
enhancement were further analysed using the ImageJ 
densitometry function (Figs. 4, 5).

3.5. Comparison of the LOD of the LFA strip with 
the commercial test kit

Two types of tests were validated based on the 
appearance of the C line in the negative control strips. 
With the sample extracted using the commercial buffer 
provided in the eDiagnosis Antigen Test Kit, the 
commercial strip showed an LOD of 100 pg/ml (Fig. 6A) 
[19], while our developed LFA strip demonstrated an LOD 
of 50 pg/ml (Fig. 3B) after applying HRP enhancement. 
The ImageJ results confirmed the successful appearance 
of the T line in the LFA strip (Fig. 6B).

Fig. 3. Visual examination of results from LFA strips with 80 nm AuNPs-Ab conjugates.

Fig. 4. Visual examination of results from LFA strips after HRP signal enhancement.
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Fig. 5. ImageJ analysis to compare band intensities of LFA strips before and after HRP signal enhancement.

Fig. 6. Commercial test kit analysis. (A) LOD of the commercial test kit; (B) Data analysis of commercial test kit with the 
developed LFA strips using ImageJ software.
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4. Discussion

LFAs are widely used for point-of-care diagnostics 
due to their simplicity, speed, and cost-effectiveness. 
In LFAs, AuNPs are commonly employed due to their 
unique optical properties, allowing for visual detection of 
target analytes. Typically, AuNPs with diameters ranging 
from 10 to 100 nm are used in LFAs, with sizes of 20, 
30, and 40 nm being the most common. The size of the 
gold nanoparticles can affect the colour and intensity 
of the signal produced, as well as their stability and 
interaction with other components of the LFA. Previous 
studies have reported that the use of colloidal gold with 
a diameter ≥60 nm leads to unstable detection on the 
strip [20-24]. However, larger gold nanoparticles tend 
to produce stronger colour signals, which can impact 
assay sensitivity. In this study, we selected 80 nm AuNPs 
to enhance the colour signal in the LFA assays. The 
appearance of test lines on the LFA strips after sample 
loading indicated successful assay development, although 
the LOD was not yet optimal. 

Various labelling approaches have been explored to 
enhance the sensitivity of LFAs, such as dual AuNPs, 
silver staining, enzyme amplification, surface-enhanced 
Raman scattering, and photothermal methods [25]. Each 
method has its own limitations, such as high cost, the 
need for additional signal readers, and dependence on 
dye stability. In this study, we employed HRP and its 
substrate TMB for signal enhancement in the LFA strips. 
HRP catalyses the conversion of TMB to a blue-coloured 
product, which is then converted to a yellow-coloured 
product by adding an acidic stop solution. In enzyme-
linked immunosorbent assays, HRP is often conjugated 
to a detection antibody and used to detect the presence 
of specific antigens or antibodies in biological samples. 
HRP is widely available and relatively inexpensive 
compared to other enzymes used in assays. By applying 
HRP-antibody amplification and TMB substrate for 
signal enhancement, the sensitivity of the assay was 
significantly improved by 200-fold, with the LOD being 

enhanced from 10 ng/ml to 50 pg/ml. This improvement 
surpassed the sensitivity of the commercial test kit, which 
had a LOD at 100 pg/ml. These results demonstrate the 
potential of HRP enhancement as a means to increase 
signal intensity and develop novel LFAs.

5. Conclusions

This study highlights the promising role of HRP 
in enhancing LFAs. Through the application of HRP 
enhancement, there was a 200-fold improvement in the 
visual LOD, which increased from 10 ng/ml to 50 pg/
ml of SARS-CoV-2 N protein in saliva when using the 
commercial buffer of the eDiagnosis COVID-19 Antigen 
Test Kit. Compared to other pathogen detection methods 
such as conventional culture, qRT-PCR, and ELISA, this 
assay demonstrated completion within approximately 15-
20 minutes, with a simple procedure that can be visually 
interpreted and at a low cost. These characteristics 
position this assay as a significant step towards the 
development of future SARS-CoV-2 test kits targeting 
the N protein using HRP enhancement.
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1. Introduction 

Air pollution is a global issue. According to World 
Health Organisation (WHO) statistics, over 92% of the 
population lives in polluted air [1]. This has significantly 
impacted human life and the natural environment. 
Notably, approximately 93% of children over 15 years 
old worldwide breathe polluted air, primarily due to 
indoor air pollution sources [2].

Air pollution entails a significant alteration in the 
composition of the air, caused by smoke, dust, vapours, 
or foreign gases being introduced into the atmosphere, 
leading to peculiar odours, reduced visibility, and climate 
change. These pollutants directly affect the health of 
humans, animals, and plants on Earth. PM, O3, NO2, and 
SO2 are the main contributors to air pollution. In Vietnam, 
particulate matter (i.e. PM2.5 and PM10) was the most 

prominent concern among air pollutants from 2011 to 
2020 [3]. Fine dust pollution remains a significant issue 
in major industrial centres of Vietnam such as Hanoi and 
Ho Chi Minh city. PM2.5 and PM10 levels at continuous 
automatic monitoring stations in Hanoi during the period 
2018-2020 exceeded the QCVN 05:2013/BTNMT 
(National technical regulation on ambient air quality) 
threshold by 1.1 to 2.2 times [4]. Research by N.T.K. 
Oanh, et al. (2018) [5] estimated PM2.5 emissions in 
2018 from human activities and forest fires in Vietnam 
at approximately 600 thousand tons (excluding road dust 
and other sources). Among these, PM2.5 emissions from 
agricultural waste incineration accounted for the highest 
proportion (40%), followed by residential cooking 
(17%), road traffic (13%), forest fires (12.7%), industrial 
activities (11%), and thermal power plants (3.3%). The 
remaining sectors collectively contributed about 3% of 
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the country’s total PM2.5 emissions. Particularly, Hanoi 
and Ho Chi Minh city had the highest emissions, ranging 
from 9.01 to 10.25 tons/km2/year. Provinces in other 
regions, such as the northern midlands, mountains, and 
the central region, had lower PM2.5 emissions, ranging 
from 0.35 to 3.0 tons/km2/year. The total amount of 
sulphur oxide (SOx) emissions for the entire country in 
2018 was about 750 thousand tons/year, with emissions 
from thermal power plants and industrial activities 
contributing over 91%.

The disease burden associated with exposure to 
indoor and outdoor air pollution is significant and 
increasing. It poses a major threat to human health, 
resulting in approximately 7 million deaths annually. Air 
pollution increases morbidity and mortality from non-
communicable cardiovascular and respiratory diseases. 
Furthermore, deteriorating air quality is the leading cause 
of increased disease burden from lower respiratory tract 
infections, premature births, and other causes of death in 
children.

Moreover, air pollution remains a significant cause of 
disease burden in low- and middle-income countries [6]. 
In 2019, the impact of indoor and outdoor air pollution 
on mortality surpassed common factors such as obesity, 
low birth weight, or an unhealthy diet [7]. Additionally, 
based on European data, a 1 μg/m3 increase in PM2.5 
concentration (or a sample mean increase of 10%) 
results in a 0.8% decrease in real GDP in the same year 
[8]. Besides the associated health burden, air pollution 
imposes additional economic costs, such as its impact 
on crops or damage to buildings and infrastructure. 
Furthermore, there are costs associated with climate 
change resulting from air pollution and environmental 
degradation [6].

Various reports have presented the air quality in 
Vietnam. According to Yale University’s Environmental 
Performance Index (EPI) 2020, Vietnam’s air pollution 
exposure ranks 115th out of 180 countries. On the 
IQir/AirVisual ranking, Vietnam’s average PM2.5 
concentration in 2020 ranked 21st among 106 countries 
[5]. According to new data from the WHO, over 60,000 
people died in 2016 from heart disease, stroke, lung 
cancer, chronic obstructive pulmonary disease, and 
pneumonia in Vietnam [9]. Therefore, this review aims 
to provide general information on air pollution, along 
with implementing some policies and measures to reduce 
the impact of air pollution on personal health and the 
community.

2. Air pollution 

2.1. Classification of air pollution

Air pollution can be defined as harmful chemicals 
or compounds, including those of biological origin, in 
the air at levels hazardous to health [10]. Additionally, 
air pollution refers to the presence of chemicals or 
compounds in the air that reduce air quality or cause 
harmful changes to the quality of life, such as destroying 
the ozone layer or causing global warming [11].

Air pollution is classified into outdoor and indoor air 
pollution. Outdoor air pollution mainly originates from 
vehicles and industrial plants such as thermal power 
plants, industrial boilers, garbage incinerators, and 
petrochemical plants. Indoor air can contain significant 
amounts of chemicals, irritants, carcinogenic chemicals, 
microbial agents, allergens, and fine indoor dust, termed 
indoor air pollution [12-15].

During the COVID-19 pandemic, governments 
imposed various restrictions to prevent the spread of 
the disease. People spent much of their time in indoor 
environments. Movement of people and transportation 
(road and air) was limited. Additionally, the suspension 
of international flights by airlines contributed to 
changes in air pollutant emissions. For example, PM2.5 
concentrations decreased by approximately 15% in the 
most polluted cities worldwide, with the most significant 
declines observed in capitals in the Americas, Asia, 
and Africa. Hence, it is considered that air pollution 
can directly result from economic growth and human 
activities. Various studies have shown that many 
indoor and outdoor pollutants are found in comparable 
concentrations. In some areas with limited ventilation, 
indoor pollution levels were higher. R. Xu, et al. (2020) 
[16] found that CO concentrations in indoor and outdoor 
environments were approximately the same at 396 and 
386 ppb, respectively. Volatile organic compounds (VOC) 
and PM10 concentrations in Portuguese and UK homes 
were several times higher than in outdoor environments 
[17].

2.2. Main source and causes of air pollution

Air pollution consists of a mixture of dust, gases, 
fumes, particles, and biological materials in sufficient 
amounts to affect the environment and human health 
[11]. The primary sources of air pollution can be divided 
into natural and man-made sources. Natural activities 
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such as volcanoes (emitting toxic gases like sulphur, 
chlorine, and particulate matter such as ash) and forest 
fires generate large amounts of CO2 or radioactive decay. 
The second source originates from human activities 
[18]. With rapid population growth and a constantly 
developing economy, energy demand has significantly 
increased. Human production activities generate products 
to meet essential needs but are also the primary source 
of toxic substances with harmful effects on humans. 
Emissions of exhaust gases, tobacco smoke, pesticides, 
solvents, detergents, particles, dust, moulds, fibres, and 
allergens are deposited daily [18, 19]. The consumption 
of more fossil fuels is also concerning as they cause harm 
affecting the sustainable development of the environment 
[20, 21]. Combustion sources and cooking activities also 
contribute to the emission of CO2, SO2, CO, NO2, and 
PM into the indoor atmosphere [22].

Besides, outdoor and indoor air pollution are related 
[23, 24]. Several air pollutants have been recognised to 
exist indoors, including NOx, SO2, O3, CO, volatile and 
semi-volatile organic compounds (VOCs), PM, radon, 
and microorganisms. Some pollutants (e.g., NOx, SO2, 
O3, PM) are common indoors and outdoors, and some 
may originate outdoors [25]. As concentrations of 
outdoor pollutants increase, they are transported from 
the outdoors into the indoor environment, e.g., through 
ventilation systems [24].

2.3. Recommended standards of air pollutants

Table 1. Guidance on short-term, long-term air quality and 
short-term goals, updated in 2021.

Agent Average time
Short-term goal AQG 

level1 2 3 4

PM2.5 (µg/m3)
Yearly 35 25 15 10 5
24 hoursa 75 50 37,5 25 15

PM10 (µg/m3)
Yearly 70 50 30 20 15
24 hoursa 150 100 75 50 45

O3 (µg/m3)
Peak seasonb 100 70 - - 60
8 hoursa 160 120 - - 100

NO2 (µg/m3)
Yearly 40 30 20 - 10
24 hoursa 120 50 - - 25

SO2 (µg/m3) 24 hoursa 125 50 - - 40
CO (mg/m3) 24 hoursa 7 - - - 4

a: 99th quartile range (e.g., exceeding 3-4 days/year); b: the 
highest average O3 concentration over 8 hours daily for six 
consecutive months.

According to Table 1 and the WHO global air quality 
guidelines, compared to the 2005 AQG level, the updated 
2021 version of the WHO has the following significant 
changes: 

• The annual PM2.5 AQG level has been lowered from 
10 to 5 µg/m3. This reflects new evidence on the impact 
of PM2.5 on mortality occurring at concentrations below 
10 µg/m3. The 24-hour AQG level for PM2.5 changed 
from 25 to 15 µg/m3.

• The annual PM10 AQG level has been reduced from 
20 g/m3 to 15 µg/m3. This reflects new evidence that the 
impact on mortality occurs at concentrations below 20 
µg/m3. The 24-hour AQG for PM10 has changed from 50 
to 45 µg/m3.

• New peak season (long-term) ozone AQG level 
has been determined. This is based on new evidence 
on the long-term effects of ozone on total mortality and 
respiratory mortality. The short-term AQG level of 100 
µg/m3 is the same as the 2005 short-term level.

• The annual AQG level for NO2 has changed from 40 
to 10 µg/m3. This is primarily because this update of air 
quality guidance is based on the long-term impact of NO2 
on all-cause mortality and respiratory mortality. A new 
24-hour AQG level of 25 µg/m3 is recommended.

• A 24-hour AQG level for carbon monoxide of 4 µg/
m3 is recommended. This is based on a new assessment 
of the impact of short-term carbon monoxide levels on 
hospitalisation for myocardial infarction6.

3. Some studies on the relationship between air 
pollution and health 

3.1. Individual level exposure

When it comes to exposure to air pollution on an 
individual level, the level of exposure depends on the 
concentrations of pollutants in the air around them in 
which they reside, such as workplaces/schools or on 
the means of transport, etc., and the time people live/
work in those spaces. Human activity time surveys show 
that people spend approximately 87% of their time in 
inadequately ventilated offices and 6% in closed vehicles. 
Thus, exposing themselves to air pollution on a personal 
level receives much attention [26, 27]. Several studies 
on individual monitors have found that indoor exposure 
to PM2.5 contributes to 85.1% of the total exposure. 
The concentration of PM2.5 inside the house increases 
the most at the entrance, followed by outdoor exposure 
(7.6%), bus (3.7%), subway (3.1%), and car (0.5%) [28].
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Moreover, human activities within the home can 
increase an individual’s exposure to PM2.5. Three indoor 
practices that have been proven to raise the levels of 
fine dust within the home significantly are smoking 
cigarettes, burning incense, and cooking [29]. In 2020, 
WHO statistics revealed that approximately 2.4 billion 
individuals continue to cook using solid fuels, including 
wood, crop waste, charcoal, coal, and kerosene, in open-
air furnaces and inefficient stoves [30]. This practice leads 
to an increase in the concentration of particles present 
in the household. In Vietnam, reports show an average 
individual PM2.5 exposure of 64.28±33.18 µg/m3. This 
exposure is higher than the concentration of PM2.5 dust 
observed at two monitoring stations in district 2 and Zoo 
and Botanical Gardens, which is 38.49±18.45 µg/m3 and 
48.99±21.68 µg/m3, respectively (p<0.05) [31]. Despite 
this, many remain unaware that indoor air pollution can 
increase exposure. The KAP Survey Model (Knowledge, 
Attitudes, and Practices) on indoor air pollution shows 
that most people do not have sufficient knowledge and 
correct behaviour about indoor air pollution [32-34].

3.2. Community level exposure

Controlling individual exposure sources is essential for 
reducing health risks. However, when outdoor pollutant 
concentrations rise, they can infiltrate homes through 
ventilation systems or windows/doors [28]. Research 
by H.L. Chen, et al. (2020) [35] in Taiwan revealed that 
outdoor fine dust significantly contributes to individual 
exposure, accounting for approximately 44% (range 33-
55%) of PM2.5 and 74% (range 57-88%) of NO2 .

Community-level exposure is associated with 
increased adverse health outcomes in humans [36-
38]. According to a study by T.N. Dang, et al. (2022) 
[38] in Vietnam, monitoring PM2.5 concentration at 31 
locations in Ho Chi Minh city estimated an average PM2.5 
concentration of 27.8±7.7 μg/m3. High environmental 
PM2.5 concentration increases the risk of low-birth-
weight babies at term during pregnancy [39]. The reports 
identify areas such as residential areas near main roads, 
factories, and chimneys as sources of air pollution for 
the community [36]. Vehicle transportation in urban 
areas is considered a source of air pollution and is linked 
to the development of asthma and other respiratory 
diseases in children [40]. Asian housing estates are often 
built along roads, leading to higher exposure levels in 
residents near significant roads than those measured in 
monitoring stations in the surrounding environment [41]. 

Accordingly, the exposure concentration of PM2.5 for 
cyclists (105 µg/m3) is higher than that for motorcyclists 
(95 µg/m3), with PM2.5 concentration in the surrounding 
air at 34 µg/m3. Exposure to PM2.5 was found to be 
highest in the morning and during peak traffic hours, 
especially in the inner city compared to the suburbs 
[42]. Studies conducted in central Manhattan (New York 
city, USA) revealed that the traffic system in alleyways 
significantly increases particulate pollution concentration 
in community air. Ultra-fine particles (UFP) increased 
by 11%, and PM2.5 increased by 8% compared to the 
measured urban background index. Additionally, central 
parks showed a 40% higher particle density than the 
general background of the central area [43]. Moreover, 
vehicle emissions increased PM1 and PM2.5 levels at 
points such as bus stops and intersections by 5 μg/m3 
[41].

Additionally, public places such as restaurants, 
temples, and construction sites also contribute to 
increased airborne particle concentrations [36]. Incense 
burning in temple areas leads to a density increase of 
PM2.5 particles by 2.72 μg/m3, along with an elevation in 
the concentration of substances in incense smoke, such as 
VOC, carbonyl compounds, CO, NOx, and CH4 [20]. In 
Asia, the density of particles in temples is higher due to 
the practice of worshiping and burning incense in these 
countries. Research in Taiwan indicated that particle 
density in temples and pagodas increased by 13.2, 15.1, 
and 17.2 μg/m3 for PM1, PM2.5, and PM10 communities at 
all levels, respectively [17]. Another study by B. Wang 
found that particle density at two temples in Hong Kong 
increased from 4.2 to 18 in PM2.5 [44].

4. Health effects of air pollution 

Air pollution is considered a risk factor for several 
respiratory diseases. Most pollutants enter the body 
through the respiratory tract, making it the first gateway 
in the development and progression of air-polluted 
diseases [45]. Many pollutants are the leading cause 
of diseases in humans. In particular, particulate matter 
with tiny sizes, such as PM10 and PM2.5, can penetrate the 
lungs and cardiovascular system, causing cardiovascular 
disease, stroke, respiratory infections, COPD, asthma, 
and lung cancer [46].

Outdoor air pollution and urbanisation are associated 
with increased asthma incidence and severity. According 
to a study in ten European cities, the incidence of asthma 
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in children after exposure 
to pollutants from road 
vehicle exhaust was 14% 
and 15%, respectively. 
Those with asthma reported 
worsening conditions. 
Research has also shown a 
correlation between short-
term exposure to PM2.5 and 
PM10 in the air with asthma 
symptoms, especially in 
children with atopy [47].

In 2023, a study showed 
that a combination of PM2.5 
and O3 in the air caused 
asthma-related changes 
in children’s airways 
[48]. PM2.5, PM10, and O3 
contribute to oxidative stress, facilitating pneumonia 
and may be the first step in carcinogenesis [49]. NO2 
exposure was reported to have a link with an increased 
risk of hospitalisation in patients with chronic obstructive 
pulmonary disease and asthma [50]. A systematic review 
and meta-analysis in China also demonstrated a positive 
correlation between NO2 exposure and lung diseases. 
Specifically, an increase in NO2 concentration to 10 µg/m3 
was associated with increased mortality from respiratory 
diseases and hospitalisation by 1.4 and 1%, respectively 
[51]. Additionally, according to many studies worldwide, 
exposure to fine dust particles (PM2.5) combined with CO 
and SO2 in the surrounding environment will increase 
the risk of death from respiratory diseases and lung 
cancer, with a 1.9% increase in total deaths when CO 
concentrations increased by 1 mg/m3 [52]. 

Daily exposure to polluted air is linked to oxidation 
and cell inflammation, risk factors for chronic diseases 
and cancer. WHO classified air pollution as a human 
carcinogen in 2013. Several studies have provided 
evidence of a correlation between the diameter of PM2.5 
and lung cancer morbidity and mortality. The AHSMOG-2 
study found that for every 10 μg/m3 increase in PM2.5 in 
the air, the risk of lung cancer also increased, and this rate 
was higher among people who lived in their area for five 
years or more and spent more than 1 hour/day outdoors 
[53]. The incidence of lung cancer is expected to increase 
due to daily exposure to air pollution associated with 
large-scale industrialisation and smoking habits [54].

Many studies worldwide have identified a direct link 
between exposure to air pollution and cardiovascular 
diseases [55].  According to various studies, fine particulate 
matter can cause impaired blood vessel function and 
accelerate calcification in the arteries. In particular, the 
smaller the particles, the greater the ability to penetrate 
deep into the lower respiratory tract, thus having a more 
extraordinary ability to cause lung and heart diseases 
(Fig. 1) [45]. Together with particulate matter, CO is also 
known to be one of the most harmful substances to the 
central nervous system and cardiovascular systems. The 
affinity of CO for haemoglobin is 250 times greater than 
that of oxygen, leading to competition for the oxygen 
bond and the haeme nucleus of haemoglobin, resulting 
in oxygen loss and hypoxia [46]. Besides, high NO2 
exposure is thought to be associated with ventricular 
hypertrophy [56]. Additionally, scientific data from 
studies suggest an association between ambient air 
pollutants and blood pressure. To support this, a Korean 
study showed that exposure to pollutants such as O3 and 
NO2 in the short term increased systolic and diastolic 
blood pressure. Patients with hypertension are more 
susceptible to the effects of increased blood pressure 
than those with normal blood pressure. The mechanism 
by which O3 exposure-induced hypertension is improved 
serotonin-induced vasoconstriction and decreased 
acetylcholine-induced vasodilation. Meanwhile, SO2 and 
CO lower blood pressure within hours [57]. 

Besides the harmful effects of air pollution on the 
respiratory system, the impact on the eyes is also of great 

Fig. 1. Size, main composition, and deposition site of PM in the lung.



ENVIRONMENTAL SCIENCES | ENVIRONMENTAL SCIENCE

125MARCH 2024 • VOLUME 66 NUMBER 1

concern. The extent of the damage is variable and can 
range from asymptomatic to dry eye syndrome. Long-
term exposure to air pollution can increase the likelihood 
of eye diseases [45]. If the concentration of toxins 
in the air is high, it can cause clinical manifestations 
within the day. The major reported air pollution-related 
eye health problems are eye discomfort, eye irritation, 
conjunctivitis, dry eye syndrome (DES), meibomian 
gland dysfunction (MGB), and blepharitis [58]. High 
concentrations of airborne pollutants narrow the retinal 
vessels, leading to microcirculation disorders. A study 
was conducted in China on 9737 patients who came for 
an eye examination for conjunctivitis. The study results 
showed an association when the concentration of CO, 
NO2, SO2, O3, PM2.5, and PM10 in the air increased to 
10 μg/m3 on the day of the visit and the previous day; 
the number of patients presenting for conjunctivitis 
also increased [59]. According to another study, PM2.5 
concentrations from 20 to 200 μg/ml were genotoxic, 
causing DNA damage and reducing the efficiency of 
corneal epithelial cells [60].

Air pollution not only affects adults but also has 
negative effects on children’s health in their first years 
of life or exposure to air pollution by the mother during 
pregnancy. The cardiovascular, metabolic, respiratory, 
allergic, and neurodevelopmental systems have been 
reported to be affected by pollutants [61, 62]. Birth weight 
was reported to correlate with prenatal exposures to 
constituents sourced from industrial dust [63]. PM2.5 and 
PM10 particles, SO2, NO2, or O3 have been reported to be 
associated with reduced or low birth weight in newborns 
or, more seriously, can lead to premature birth [64].

5. Some recommended solutions to reduce the impact 
of air pollution 

According to WHO statistics, outdoor air pollution 
contributes to about four million deaths annually, mainly 
from cardiovascular and respiratory diseases. Essential 
policies supporting air quality standards, such as energy-
efficient housing and sustainable land use, should be 
implemented to reduce outdoor air pollution. Some 
major cities have introduced policies to reduce urban 
air pollution, such as bike-sharing in Paris, congestion 
charging in London, and an environmental police force 
in Beijing [65]. Additionally, protecting the integrity of 
ecosystems helps improve the health of communities 
worldwide. Therefore, expanding green land is necessary 
to prevent biodiversity loss, especially in highly urbanised 
and polluted countries [66].

Healthcare professionals need to connect with 
patients through an automated air pollution alert 
network, including alerts via text, email, or phone [67, 
68]. Individuals are encouraged to plan their activities 
through their news feed, website, or mobile application 
to reduce their exposure to air pollution.

Using a mask is one way to reduce exposure to air 
pollution at the individual level. Some standard masks 
used worldwide include N95 in the United States, KN95 
in China, and FFP2 in European countries. Unlike 
ordinary masks, these masks are equipped with filters 
(can remove more than 95% of impurities in the air and 
prevent dust particles as small as 0.3 microns) and are 
designed to fit the face [69].

Since air pollution is usually diffusive from outside into 
buildings, indoor air pollution could contain contaminants 
from itself and outdoor sources [70]. Therefore, reducing 
PM2.5 indoors can also minimise the impact of particles 
produced from outdoor sources on human health. PM 
can be removed by using an air purifier, ventilation, and 
air conditioning system. Most studies have focused on 
mechanical filtration with a highly efficient particulate 
containment/air filter (HEPA), which removes at least 
99.97% of 0.3 μm particles. Besides, eliminating 
burning solid fuels is an effective way to reduce indoor 
air pollution. Access to cleaner fuels, such as liquefied 
petroleum gas, natural gas pipelines, and electric stoves, 
is critical to public health. Several studies have shown a 
positive association between replacing solid fuels with 
improved stoves and significant improvements in health 
outcomes [70, 71].

6. Conclusions 

Among various factors causing air pollution, PM2.5 
is the leading cause of adverse health effects. The main 
contributors to air pollution are traffic (especially bus 
stops), markets, temples, restaurants, gas stations, etc. 
Personal PM2.5 exposure contributions have been shown 
to be higher when people are at home. Many studies have 
shown air pollution as a risk factor for death related to 
heart disease, stroke, lower respiratory tract infections, 
lung cancer, diabetes, and COPD. Additionally, air 
pollution causes adverse health-related economic 
impacts. Therefore, reducing emissions and adapting 
to the impact of the climate are necessary activities to 
reduce air pollution. Furthermore, individual measures 
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to effectively reduce the health impact of air pollution 
include promoting personal mask-wearing, using air 
purifiers, ventilation, choosing low-exposure travel 
routes, and maintaining a proper diet.
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