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tural deep eutectic solvents to
extract ferulic acid from Ligusticum chuanxiong
Hort with microwave assistance

Yilin Xie,† Herui Liu,† Li Lin, Maojun Zhao, * Li Zhang, Yunsong Zhang
and Yichao Wu

In this study, a method using natural deep eutectic solvents (NADES) combined with microwave-assistance

extraction (MAE) was researched for the first time to establish an environmentally-friendly method for

extracting ferulic acid from Ligusticum chuanxiong Hort. 20 kinds of NADES were initially screened, then

response surface methodology was performed to optimize the NADES-MAE extraction of ferulic acid in

L. c on the basis of the results of single-factor experiments. The results demonstrated that NADES could

provide better extraction yields of ferulic acid than conventional solvents, and the combination of

choline chloride and 1,2-propanediol was the most effective. The optimal conditions were an extraction

time of 20 min, an extraction temperature of 68 �C, and a solvent-to-solid ratio of 30 : 1 mL g�1. Under

these conditions, the extraction yield of ferulic acid with NADES-MAE (2.32 mg g�1) was higher than that

using traditional extraction methods. This research demonstrates that this approach, which adopts

NADES as a green solvent and MAE as an assistant extraction technique, could be an excellent choice to

design an environmentally-friendly method for extracting phenolic compounds in various materials.
1. Introduction

Chuanxiong rhizoma, the dried root of umbelliferous Ligusticum
chuanxiong Hort, is a common traditional herbal medicine
widely used in Asia.1 L. chuanxiong as an important drug, which
is commonly applied to promote blood circulation in Chinese
medicine clinical trials, can be used alone as well as with other
traditional herbs. It is a component of many traditional Chinese
patent medicines2,3 which are widely used in treating headaches
and cardiovascular diseases such as angina and ischemic
stroke. It is also a major ingredient in soups for regular
consumption to promote good body health and has a positive
effect in guarding against dizziness.4 In addition, the tender
stem and leaves of L. chuanxiong can be cooked in salad or fried
cuisines.1 L. chuanxiong contains a wide range of bioactive
components including tetramethylpyrazine, ferulic acid and
phthalide compounds.5 Among them, ferulic acid is the main
liposoluble ingredient in L. chuanxiong, and has been recom-
mended as the biomarker for L. chuanxiong in the Pharmaco-
poeia of the People’s Republic of China.6,7 Since ferulic acid has
many pharmaceutical activities, such as its antioxidant activity,
its ability to treat cardiovascular disease, its antibacterial
activity and its anti-cancer activity, it is widely investigated. In
addition, ferulic acid has been approved as an antioxidant and
iversity, Ya’an, Sichuan 625014, China.
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food preservative in Japan.8,9 Sodium ferulate, a sort of ferulic
acid salt, has been used in China to treat cardiovascular and
cerebrovascular diseases.10 Therefore, it is of great importance
to develop a green and efficient method to extract ferulic acid
from L. chuanxiong.

At present, the classic approaches of extracting ferulic acid
were heating combined with organic solvents11–16 and super-
critical extraction,17 which have many problems such as their
low efficiency,11–14 long times,11–16 high temperature11,12,15,16 and
high cost of the solvents.17 There are main two directions to
improve those problems. One aspect is to apply external forces
like microwaves,18 ultrasonics19 or ultrahigh voltage waves20 to
the mixture of materials and solvents for the purpose of
reducing the time taken, lowering the extraction temperature
and improving the extraction efficiency. MAE is an extraction
technique that utilizes microwaves as the external force to
extract components. Compared with other extraction tech-
niques (such as reux and supercritical uid extraction), it is
a faster and greener method. MAE can accomplish the
processes of heat transfer and mass transfer of the target
components from sample to solvent at the same time, thus
greatly reducing the consumption of time and organic
solvents.21,22 Additionally, MAE has been wildly used in
extracting bioactive components, including phenol compo-
nents in diverse medicine materials23–26 and ferulic acid and
phthalides in L. chuanxiong.18,27 Another research direction is to
nd green and efficient solvents that can replace the traditional
harmful ones (such as methanol, ethanol, ethyl acetate and so
RSC Adv., 2019, 9, 22677–22684 | 22677

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra02665g&domain=pdf&date_stamp=2019-07-22
http://orcid.org/0000-0001-6415-0495
http://orcid.org/0000-0002-1013-2854
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02665g
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA009039


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/9
/2

02
5 

10
:2

8:
32

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
on). In recent several years NADES, which were regarded as
a green substitute for traditional solvents, have attracted much
interest.28,29 NADES are usually mixtures that consist of two or
more kinds of naturally occurring and biodegradable compo-
nents (such as glucose, an organic acid, polyalcohol and choline
chloride)30,31 and can be prepared by green and fast methods
such as heating32,33 and microwave-assisted methods.34 The
physicochemical properties of NADES are similar to those of
ionic liquids. But compared with ionic liquids, NADES provide
many advantages, such as readily available components, simple
preparation, low toxicity and tunability.35,36 Some studies have
reported the applications of NADES in the extraction of
phenolic acids and phenolic compounds,31,36–38 which have had
good results. What’s more, MAE combined with various NADES
has been used to extract phenolic compounds.39–41 However,
there is no study on the application of MAE combined with
NADES for extracting ferulic acid from L. chuanxiong.

The purpose of this study was to build up an efficient and truly
environmentally-friendly method for extracting ferulic acid from
L. chuanxiong with the help of NADES and MAE. At rst,
preliminary screening for the optimal NADES via the maximum
yield of ferulic acid was performed. And the effect of important
parameters, namely the molar ratio of NADES, water content of
NADES, extraction time, extraction temperature and solvent-to-
solid ratio, on the extraction yield were explored. Then the
optimal extraction conditions of NADES-MAE were determined
by response surface methodology (RSM) successfully. Finally, the
properties of the optimal method were evaluated.
2. Materials and methods
2.1 Chemicals and materials

L. chuanxiong was purchased from a local Chinese medicine
herb market (Chengdu, China), dried at 60 �C until it reached
Table 1 Different systems of natural deep eutectic solventsa

Number Abbreviation Component 1

1 CCG Choline chloride
2 CCM Choline chloride
3 CCS Choline chloride
4 CCLA Choline chloride
5 CCOA Choline chloride
6 CCCA Choline chloride
7 CCMA Choline chlorate
8 CCEo Choline chloride
9 CCPo Choline chloride
10 CCGo Choline chloride
11 MAGGo Malic acid
12 MASGo Malic acid
13 MAG Malic acid
14 MAS Malic acid
15 LAG Lactic acid
16 LAS Lactic acid
17 CAG Citric acid
18 CAM Citric acid
19 CAS Citric acid
20 CAMA Citric acid

a —: not added.

22678 | RSC Adv., 2019, 9, 22677–22684
the stable weight, crushed and pressed through a 40-mesh
sieve, then kept at �20 �C prior to the experimental analysis.

A ferulic acid standard was obtained from Chengdu Must
Biological Technology Co., Ltd (Chengdu, China). Choline
chloride, ethylene glycol, 1,2-propanediol, glycerol, glucose,
sucrose, maltose, malic acid, citric acid, lactic acid, oxalic acid,
ethanol, methanol and other chemicals were purchased from
Chengdu Kelong chemical reagent factory (Sichuan, China).
Deionized water (electrical resistivity z 18.2 MU cm) used in
the experiments was puried by a water-purifying system of
Sichuan Water Technology Development Co., Ltd.

2.2 Preparation of NADES

According to previous research,32,33 NADES can be easily
synthesized using a heating method. As shown in Table 1,
twenty NADES were prepared at 60 �C by mixing choline chlo-
ride, 1,2-propanediol, glucose and other components that were
weighed accurately according to the proper molar ratio with
constant stirring until a homogeneous liquid formed.

2.3 Extraction of ferulic acid in L. chuanxiong

Samples of 0.5 g of powdered material were extracted with
10 mL of different solvents (H2O, MeOH, EtOH, 70% MeOH,
70% EtOH and 20 sorts of NADES) by microwave-assisted
extraction (MAE). The mixture was processed using a micro-
wave (MAS-1, 1360 W, Shanghai, China) at 60 �C for 15 min, and
then centrifuged at 10 000 rmp for 5 min. The supernatant
liquid was diluted with methanol for HPLC analysis. These
experiments were repeated in triplicate.

2.4 Quantitative analysis of HPLC

The quantitative analysis of HPLC was performed on an Agilent
1260 series liquid chromatography system and the separation
Component 2 Component 3 Mol ratio

Glucose — 1 : 1
Maltose — 1 : 1
Sucrose — 1 : 1
Lactic acid — 1 : 1
Oxalic acid — 1 : 1
Citric acid — 1 : 1
Malic acid — 1 : 1
Ethylene glycol — 1 : 1
1,2-Propanediol — 1 : 1
Glycerol — 1 : 1
Glucose Glycerol 1 : 1 : 1
Sucrose Glycerol 1 : 1 : 1
Glucose — 1 : 1
Sucrose — 1 : 1
Glucose — 1 : 1
Sucrose — 1 : 1
Glucose — 1 : 1
Maltose — 1 : 1
Sucrose — 1 : 1
Malic acid — 1 : 1

This journal is © The Royal Society of Chemistry 2019
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Table 2 Independent factors and their levels used in MAE

Independent factor Symbol

Levels

�1 0 1

Extraction time (min) A 10 15 20
Extraction temperature (�C) B 50 60 70
Solvent-to-solid ratio (mL g�1) C 20 : 1 25 : 1 30 : 1
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was carried out on an InterSustain C18 column (50 mm � 4.6
mm, 5 mm). The mobile phases were: (A) 0.1% (v/v) aqueous
phosphoric acid and (B) methanol. The gradient conditions
were performed as follows: 0–5 min, 30% B; 5–12 min, 30–43%
B; 12–17 min, 43% B; 17–19 min, 43–79% B; 19–30 min, 79% B.
The column was operated at 35 �C with the mobile phase at
a constant ow rate of 1 mL min�1, and the detection wave-
length was set at 320 nm. Each run was followed by an equili-
bration period of 5 min. All the samples were ltered with 0.22
mm Whatman (Piscataway, NJ, USA) lter membranes. The
injection volume was 10 mL. The chromatographic peaks of the
target component were identied by comparing the retention
time with the standard compound. Quantitative analysis of the
target component was conrmed by applying the method of
standard curves. HPLC chromatograms of the standard
compound and sample are presented in Fig. 1.

2.5 Optimization of extraction parameters

The parameters of ferulic acid extracted by NADES were opti-
mized. The parameters included the molar ratio of the
components in the NADES (1 : 0.2, 1 : 0.25, 1 : 0.33, 1 : 0.5, 1 : 1,
1 : 2, 1 : 3, 1 : 4 and 1 : 5), the water content in the NADES (0%,
10%, 20%, 30%, 40%, 50%, 60% and 70%), the extraction time
(2, 5, 10, 15, 20, 25 and 30 min), the extraction temperature (40,
50, 60, 70 and 80 �C), and the solvent-to-solid ratio (5 : 1, 10 : 1,
15 : 1, 20 : 1, 25 : 1, 30 : 1 and 35 : 1 mL g�1).

2.6 Experimental design and statistical analysis

In this study, the Box–Behnken design (BBD) combined with
RSM was used to research the optimal NADES-MAE conditions.
On the basis of the single factor experiment results, three
factors as independent variables, namely the extraction time
(A), extraction temperature (B) and solvent-to-solid ratio (C),
were investigated at three levels (Table 2).

The experimental data were analyzed to t the following
second-order polynomial model:

Y ¼ b0 þ
X3

i¼1

biXi þ
X3

i¼1

biiXi
2 þ

X2

i¼1

X3

j¼iþ1

bijXiXj (1)
Fig. 1 HPLC chromatograms of ferulic acid at 320 nm: (a) reference co

This journal is © The Royal Society of Chemistry 2019
where Y is the response variable; b0 is a constant; bi, bii and bij

are the liner, quadratic and second-order terms of the model,
respectively; and Xi and Xj are independent variables.

All the statistical analysis was carried out with the help of
Design Expert v 8.0.6. The statistical signicance of the model
obtained by BBD was inspected by analysis of variance (ANOVA).
Additionally, according to the P value the interactions of each
coefficient were evaluated.
3. Results and discussion
3.1 Screening of NADES composition

In this study, 20 different types of NADES were prepared by 11
kinds of primary metabolites, and their extraction yields of
ferulic acid from L. chuanxiong were tested. However, the
obvious disadvantage of NADES is their high viscosity, which
could lower the mass transport efficiency.21,32 Therefore, the
extraction temperature and time were 60 �C and 15min, and the
extraction solvent used was NADES with the addition of 30% (w/
w) water. Five conventional solvents, namely H2O, MeOH, EtOH,
70% MeOH and 70% EtOH were used as contrastive solvents.

As shown in Fig. 2a, the extraction yields of NADES were
higher than those of conventional solvents, indicating that
NADES displayed an obvious advantage for the extraction of
ferulic acid. Among the 20 kinds of NADES, the extraction yield
of the target compound with the different types of NADES
differed. The polyalcohol-based NADES had equivalent or even
higher extraction yields compared with those of the saccharide-
based and organic acid-based NADES. The extraction yields of
organic acid–saccharide–glycerol-based NADES (Mac–Glu–Gly
mpounds and (b) sample.

RSC Adv., 2019, 9, 22677–22684 | 22679
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Fig. 2 Extraction yields with different solvents (a), molar ratios (b) and water content (c) for ferulic acid.
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and Mac–Su–Gly) were higher than those of the organic acid–
saccharide-based ones (Mac–Glu and Mac–Su), which indicated
that the existence of polyalcohol benets the increase of
extraction yield. Additionally, the extraction yield of lactic-acid-
based NADES were lower than that of the polyalcohol-based
NADES. The extraction yield seems to be closely related to the
properties of the solvents and the possible interaction between
solutes and solvents.42 Therefore, the reasons for those results
were not only the effect of solvent viscosity, but more impor-
tantly, the effect of hydrogen bonds formed between NADES
and the target components. Meanwhile, among the NADES
containing polyalcohol, CCPo exhibited the highest extraction
yield. So CCPo was chosen as the nal component of NADES.

Fig. 2b reveals the inuence of the different NADES
component ratios on the extraction yield. The results show that
the ratio change of choline chloride/1,2-propanediol could
partly inuence the extraction yield of ferulic acid from L.
chuanxiong. Increasing the choline chloride/1,2-propanediol
ratio from 1 : 0.2 to 1 : 2 enhanced the extraction yield of
ferulic acid. This may be because the solvent viscosity and the
number of hydrogen bonds changed, thus contributing to the
breakage of the plant cell wall and the dissolution of target
components. However, a further increase in the ratio negatively
affected the extraction yield. Therefore, the combination of
choline chloride/1,2-propanediol with a molar ratio of 1 : 2 (mol
mol�1) was chosen as the most promising NADES for further
research.

As well as the molar ratio of solvent components, the
different water content of the NADES could also affect the
viscosity of the solvents, leading to differences in extraction
yield.43 Therefore, the extraction yields of NADES with water
content ranging from 0% to 60% were researched. Fig. 2c shows
that the extraction yield of ferulic acid changed with the
22680 | RSC Adv., 2019, 9, 22677–22684
changing water content. For instance, the extraction process
was improved as the water content in NADES increased from 0%
to 30%. This is probably because of the reduction in solvent
viscosity caused by adding water which would help with the
process of mass transfer from materials to solvents.44 Never-
theless, as the water content increased further (30–60%), the
extraction yield declined. These phenomena might be associ-
ated with the change of interaction between the target compo-
nent and NADES caused by the high content of water.45

Therefore, a water content of 30% was determined to be the best
choice.
3.2 Optimisation of NADES-MAE conditions

According to the results of single-factor experiments, seventeen
experiments were designed and accomplished using BBD of
RSM in order to x the optimal conditions of NADES-MAE. The
results are listed as Table 3.

Polynomial regression analysis was performed to analyze the
experiment data using Design Expert 8.0.6 soware. The ob-
tained polynomial model was as follows:

Y ¼ �1.74 + 0.0539X1 + 0.105X2 � 0.005X3

� 0.0006X2 � 0.0008X1X3 + 0.0007X2X3

+ 0.00042X1
2 � 0.000845X2

2 � 0.00038X3
2

where Y is the extraction yield of ferulic acid and A, B and C are
variables that represent extraction time, extraction temperature
and the solvent-to-solid ratio, respectively.

ANOVA was employed in analyzing the polynomial regres-
sion model in order to estimate the optimized conditions of
NADES-MAE and the relationships between response value and
variables. The results are listed in Table 4. A model F-value of
56.52 and P-value of <0.0001 indicated that the model was
This journal is © The Royal Society of Chemistry 2019
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Table 3 Box–Behnken design of independent variables and obtained
data

Run

Factor
Extraction yield
(mg g�1)A B C

1 10 50 25 2.00
2 20 60 30 2.33
3 10 60 20 2.18
4 20 50 25 2.18
5 10 70 25 2.28
6 15 60 25 2.28
7 15 70 20 2.25
8 15 60 25 2.28
9 15 70 30 2.38
10 15 60 25 2.25
11 15 60 25 2.29
12 20 70 25 2.34
13 15 50 30 2.04
14 15 60 25 2.27
15 15 50 20 2.05
16 10 60 30 2.28
17 20 60 20 2.31
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signicant. A P-value of lack of t item 0.2020 (>0.05) indicated
that the model was of great veracity and stability. The correla-
tion coefficient R2 (0.9730) and adj.R2 (0.9390) was close to 1,
indicating the good accuracy and tness of the model. The
C.V.% was 0.87, demonstrating that the model was feasible to
predict the extraction yield of ferulic acid. In addition, as shown
in Table 4, the liner terms of A, B and C and quadratic term of B2

were extraordinarily signicant (P < 0.01) and the terms of AB
and BC were signicant (P < 0.05). The order of factors that
affected extraction yield was: extraction temperature > extrac-
tion time > solvent-to-solid ratio.

Three-dimensional (3D) response surface plots, as an
important part of the regression equation, vividly showed the
Table 4 ANOVA of quadratic model for the extraction yields of ferulic
acid

Source Sum of squares DF Mean square F value p-Value

Model 0.19 9 0.021 56.52 < 0.0001
A 0.022 1 0.022 58.91 0.0001
B 0.12 1 0.12 320.74 <0.0001
C 7.200 � 10�3 1 7.200 � 10�3 19.24 0.0032
AB 3.600 � 10�3 1 3.600 � 10�3 9.62 0.0173
AC 1.600 � 10�3 1 1.600 � 10�3 4.27 0.0775
BC 4.900 � 10�3 1 4.900 � 10�3 13.09 0.0085
A2 4.642 � 10�4 1 4.642 � 10�3 1.24 0.3022
B2 0.030 1 0.030 80.32 <0.0001
C2 3.800 � 10�4 1 3.800 � 10�3 1.02 0.3472
Residual 2.620 � 10�3 7 3.743 � 10�3

Lack of t 1.700 � 10�3 3 5.667 � 10�3 2.46 0.2020
Pure error 9.200 � 10�4 4 2.300 � 10�3

Cor total 0.19 16
Std. dev. 0.019 R2 0.9864
Mean 2.23 Adj R2 0.9690
C.V. % 0.87 Pred R2 0.8516
PRESS 0.029 Adeq precision 25.104

This journal is © The Royal Society of Chemistry 2019
interactions between two parameters. For the convenience of
description, with one factor xed, the other two factors were
changed within dened limits in the present study. Fig. 3
illustrates that the extraction yield increased with increasing
time. And a high extraction yield can be obtained at 20 min.
This may be the result of the microwave’s unique heating style
that can complete the processes of heat andmass transfer at the
same time.46 When the temperature rises, the extraction yield is
improved as well. This may be because the high temperature
could reduce the physical and chemical interactions between
the target components and matrices and facilitate the NADES’s
penetration, thereby improving the mass transfer of the target
component from the interior plant matrices to the NADES.47

However, if the temperature was over 68 �C, the extraction yield
declined slightly. On increasing the solvent-to-solid ratio, the
extraction yield increased, but not signicantly, especially at
a long extraction time and a middling temperature. All the
consequences indicated that high temperatures, high solvent-
to-solid ratios and long extraction times are not suitable for
the extraction of ferulic acid.
3.3 Model validation and method comparison

Through the BBD experiment, the optimal conditions were
determined as follows: an extraction time of 20 min, an
extraction temperature of 67.54 �C, and a solvent-to-solid ratio
of 30 : 1 mL g�1. For convenience, experimental extractions
were conducted using the following values: an extraction time of
20 min, an extraction temperature of 68 �C, and a solvent-to-
solid ratio of 30 : 1 mL g�1. Under these optimal extraction
conditions, the experimental value for ferulic acid was deter-
mined to be 2.32 mg g�1 (0.51% RSD), which resided within the
95% prediction interval of 2.39 mg g�1. These data implied that
the quadratic model which was applied to predict the extraction
yield was reliable. In addition, compared with the methods of
heating-73% EtOH48 (1.52 mg g�1) and MAE-40% EtOH18

(0.77 mg g�1), the optimized NADES-MAE method offered
a higher extraction yield of ferulic acid.

The published methods48 of extracting ferulic acid from L.
chuanxiong with slight modications were applied to compare
them with the optimal method in this study for the sake of
evaluating the latter’s extraction efficiency (Table 5). Using
EtOH as the extraction solvent, the yield of MAE (ref-3) was
higher than that of the heating method (ref-1), and there was
a similar result using NADES as the solvent, which indicated
that the optimized MAE could take less time and energy for
efficiently extracting ferulic acid. On the other hand, while
extracting by the same methods (heating or MAE), the yield for
NADES was higher than that for 70% EtOH. Similarly, as shown
in Fig. 2, the same results appeared in the comparison between
NADES and traditional solvents. All these consequences
demonstrated that NADES have advantages over the traditional
solvents and can efficiently improve the extraction yield.
Meanwhile this solvent chosen is safe and green. Therefore, the
NADES-MAE method is a promising environmentally-friendly
and efficient method for the extraction of active ingredients
from plant samples.
RSC Adv., 2019, 9, 22677–22684 | 22681
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Fig. 3 3D response surface plots of the interactions between three extraction factors (extraction time, extraction temperature and the solvent-
to-solid ratio).
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3.4 Exploration of the industrial application potential

In this report, MAE was applied as the extraction method
because of the advantages of high efficiency and convenience of
operation. Other NADES-compatible extraction methods, such
as ultrasound assisted extraction (UAE), stirring, heating, and
heating + stirring were also investigated (Fig. 4). Among the ve
extractionmethods, the extraction yield of MAE was the highest,
followed by heating + stirring and heating extraction, and the
yields of stirring and UAE were signicantly lower than those of
MAE or heating + stirring (p < 0.001). These results imply that
the methods of heating or heating + stirring can replace the
work of MAE when the latter is not available or when the scale of
the required extraction is larger than that can be performed in
microwave conditions.

Based on the ndings above, to explore the application
potential of the optimal method in industry, the method was
tested to determine whether it could be applied for large-scale L.
chuanxiong extraction. In general, a large-scale extraction
Table 5 Comparison of the optimal method with reference methods

Method

Extraction conditions

Solvent Method

Ref-1 28 mL g�1 73%EtOH Heating
Ref-2 28 mL g�1 73%EtOH MAE
Ref-3 30 mL g�1 NADES Heating
Optimal method 30 mL g�1 NADES MAE

22682 | RSC Adv., 2019, 9, 22677–22684
should be accompanied by a large volume of extraction solvent.
In this report, the NADES was prepared by the fast and conve-
nient heating method and diluted to a water content of 30% for
the extraction solvent. The extraction solvent volume was
expanded 50-fold to 750 mL and for technical ease the heating +
stirring method was applied for the large-scale extraction. The
extraction yield of ferulic acid measured at 20 min was 1.98 mg
g�1, which was 85% of that acquired by NADES-MAE (2.32 mg
g�1), and increased in a time-dependent manner. Aer 70 min
extraction, the extraction yield of the large-scale process was not
markedly different from the small-scale one, while the former
reached 99% of the latter aer 90 min (Fig. 5). All the results
above revealed that the optimal conditions of small-scale
extraction cannot be transferred directly to large-scale ones.
Despite this, the NADES still performed well in the large-scale
extraction, the yield of which is comparable with that of the
lab-scale extraction under the properly modied conditions,
indicating that NADES has the potential of being applied in
industrial production. In addition, some studies concerning the
Extraction yield
(mg g�1)Temperature Time

83 �C 4 h 1.54 � 0.26
68 �C 20 min 1.84 � 0.04
83 �C 4 h 2.24 � 0.03
68 �C 20 min 2.32 � 0.01

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Ferulic acid yields for the five different extraction methods
using CCPo.

Fig. 5 Ferulic acid extraction yield acquired in a 50-fold scaled-up
experiment (left) and a small-scale experiment (right).
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cost of applying NADES reported the practicability of applying
NADES in industry production. The average price of NADES was
estimated to be 2 $ per kg, which is slightly higher than the
traditional solvents while obviously lower than ionic liquids
sold on the market.49 Additionally, NADES are capable of being
efficiently recovered and therefore the cost of using NADES
could be reduced by reducing solvent consumption. NADES are
also environmentally-friendly solvents that produce almost no
waste and therefore the cost of handling the waste in produc-
tion processes could be reduced. However, on the basis of this
study, further research is needed if NADES are to be applied in
industrial research.
4. Conclusions

In the present study, NADES-MAE was applied in extracting
ferulic acid from L. chuanxiong for the rst time, and an
environmentally-friendly and efficient method was established
for extracting ferulic acid. The NADES composed of 1 : 2 (mol
mol�1) choline chloride-1,2-propanediol and 30% water was the
This journal is © The Royal Society of Chemistry 2019
solvent with the highest efficiency for extracting ferulic acid,
which signicantly improved the extraction yield compared to
the traditional solvents. The optimal conditions determined by
RSM were an extraction time of 20 min, a microwave tempera-
ture of 68 �C, and a solvent-to-solid ratio of 30 : 1 mL g�1.
Compared with other extraction methods, higher extraction
yields, less time and lower energy consumption were observed
while using the NADES-MAE method. In order to explore the
application potential, the yields of different methods under the
optimal conditions were compared, and the results showed that
the heating + stirring method was as effective as MAE, so it can
be the alternative to MEA. Additionally, large-scale extraction
using the heating + stirring method as the replacement of MAE
could be achieved with comparable extraction yields to the
small-scale extraction with longer times. It was proven that the
optimized conditions using NADES as the extracting solvent has
certain potential in industrial application. Moreover, NADES
are also safe, green, adjustable and so on. Therefore, NADES are
promising green solvents to extract bioactive compounds from
natural resources.
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