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Juglone was first preliminary purified by back extraction (BE) which also completed the sustainability of
microemulsion as a solvent for extraction of juglone in J. mandshurica Maxim. branches. Then, magnetic solid
phase extraction (MSPE) based on bubble column (BC) was proposed to further purify the juglone, GO/ND/Fe304
as adsorbent, which broke through the limitation that MSPE is only suitable for trace enrichment. Thus, a BE
combined with MSPE based on BC (BE-MSPE/BC) technology to separate and purify juglone from J. mandshurica
Maxim. was developed. Under the optimal conditions (optimal adsorption conditions: 0.5 h of adsorption time,
30 mg/mL of solid-liquid ratio, 5.5 of pH, 60 L/min of air flow; optimal desorption conditions: 0.4 h of
desorption time, methanol of desorption agent, 100% of desorbent volume fraction, 8 of pH, 40 mg/mL of solid-
liquid ratio, 80 L/min of air flow rate), the recovery yield and purity of juglone obtained by BE-MSPE/BC were
80.57% and 72.38%, respectively. BE-MSPE/BC, as a green separation and purification technology that can
easily achieve large-scale and sustainable production, is expected to be an alternative method to separate and
purify active components in biomass materials and products.

1. Introduction main active ingredients in J. mandshurica Maxim. [4,5]. Juglone, the

main quinone in J. mandshurica Maxim., has a wide range of biological

Juglans mandshurica Maxim. (J. mandshurica Maxim.), deciduous
tree, commonly called the Manchurian walnut belongs to the Juglan-
daceae family. It is widely distributed in East Asia, Southeastern Europe,
Oceania, North America and South America [1,2]. Previous studies on
J. mandshurica Maxim. have shown that the plant is rich in active in-
gredients such as phenols, flavonoids, tetralones and naphthoquinones
[3]. Quinones, including anthraquinone and naphthoquinones, are the

activities and has been used in many fields. Juglone, known as a “natural
pigment” and, is often used as a colorant in the printing and dyeing
industry [6]. In agriculture, juglone is commonly used in pesticides and
herbicides [7,8]. In addition, juglone has anti-diabetic, antibacterial,
anti-inflammatory, anti-oxidant, anti-tumor activities and regulates in-
testinal flora, and therefore is often used in medicinal applications
[9-12].

Abbreviations: J. mandshuricaMaxim., Juglans mandshuricaMaxim.; BE, back extraction; MSPE, magnetic solid phase extraction; BC, bubble column; BE-MSPE/BC,
BE combined with MSPE based on BC; GO/ND/Fe304, graphene oxide/nano diamonds/Fe;04; RMM-MAE, reverse micellar microemulsion-microwave assisted
extraction; RMM, reverse micellar microemulsion; SEM, scanning electron microscope; XRD, X-ray diffraction; MSPE/BC, MSPE based on BC; MSPE/SA, shaker

assisted MSPE; MSPE/VA, vortex assisted MSPE.
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Pruning is an indispensable technique to ensure healthy growth of
J. mandshurica Maxim.. The branches from pruning are often discarded.
Studies have shown that juglone is contained in the branches of
J. mandshurica Maxim. [13]. Utilization of this coproducts as a resource
to obtain juglone should be investigated. High-purity juglone is often
obtained by time-consuming and high-cost technologies, such as chro-
matographic column method and semi-preparative chromatography
[14-17]. This not only limits the recovery yield of juglone, but also re-
sults in the generation of a large amount of polluting waste during the
purification process. Therefore, an efficient, sustainable and environ-
mentally friendly method for separation and purification juglone is
required.

Due to the drawbacks of traditional extraction solvents, such as high
toxicity, high risk of environmental pollution during operation, low
extraction yield, high cost, complex preparation and use procedures,
non-recycling, and detection obstacles, the development of solvents for
natural products extraction is on the rise [18]. Microemulsion is a new
type of efficient and highly selective extraction solvent used in natural
product extraction in recent years [19-22]. Compared with other sol-
vents, greater interface area, higher selectivity, and higher solubility of
compounds are advantages of microemulsion [23-25]. Nanoscale par-
ticle size of microemulsions yield a larger specific surface area than
traditional solvents, which enables the target components to contact the
microemulsion more fully [26]. However, the organic matrix of micro-
emulsion limits the subsequent purification of natural products [27].
The introduction of back extraction (BE) can affect the interaction be-
tween the target components and the organic matrix in the micro-
emulsion. The influence of salt concentration on the extraction yield of
target components is mainly determined by the shielding effect of ions
on the inner surface of reverse micelles. Dissociated counter ions in the
main water phase can penetrate deep into the interface of the reverse
micellar microemulsion (RMM) to form a potential difference, thereby
generating an electromotive force. A lower salt concentration is
conducive to solubilize of target components in the system. As the salt
concentration increases, excess free ions will come between the “pool”
and the oil phase of the RMM system. This will create an electrical
double layer near the surfactant polar head groups. The adsorption
interface produces an electrostatic shielding effect, which reduces the
electrostatic force between target components and the adsorption
interface and reduces the solubility of target components in the micro-
emulsion system. Because of electrostatic shielding, the electrical double
layer on the inner surface of the microemulsion becomes thinner, which
further weakens the repulsive force of the surfactant polar groups. The
reverse micelles then shrink. These factors clearly reduce the solubility
of target components molecules in the microemulsion system and pro-
mote BE of target components. BE not only eliminates the influence of
microemulsion organic matrix on the subsequent purification of the
target component, but also it is the preliminary purification of the target
component [28]. At the same time, the recovery and utilization of the
microemulsion can be completed by BE.

Magnetic solid phase extraction (MSPE) has been widely used in the
field of separation and enrichment due to its high efficiency, convenient
recovery, without packing column and pretreatment of fillers, etc.
[29-31]. The diffusion and mass transfer rate of MSPE are limited
because of the disadvantages of auxiliary means used for MSPE (such as
shaker). Which makes it currently only suitable for trace enrichment,
such as sewage treatment, pretreatment for detection of pesticide resi-
dues in food and drug residues in blood samples, etc. [32,33]. The
bubble column (BC) device previously developed by our research group
can enhance the turbulence and mass transfer of the solid-liquid system
in the bubble column by virtue of the bubbles continuously pumped into
the suspension from the gas distributor at the bottom of the device [34].
In view of this, to make the application of MSPE achieve a breakthrough
from trace enrichment to natural product purification, MSPE based on
bubble column (MSPE/BC) was developed. Additionally, as a kind of
emerging adsorbents, graphene oxide/nano diamonds/Fe304
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(GO/ND/Fe304) with the advantages of high specific surface area, stable
properties, low interlayer irreversible aggregation rate, and high active
site exposure rate has been used in MSPE for target ingredient enrich-
ment [35-39]. GO/ND/Fe304 can be used as adsorbent to adsorb and
purify juglone for the following reasons. The juglone can be adsorbed
and purified by the modified GO because of binding forces [40]. First,
modification of GO with ND stops irreversible aggregation of GO sheets
caused by strong van der Waals forces. This maximizes the number of
exposed active sites and specific surface area of GO, and improves the
adsorption capacity for purification of juglone by GO/ND/Fe304 [29,
40]. Second, the double hydrogen bond effect between GO and juglone
molecules plays an important role in the adsorption and purification of
GO. The quinone carbonyl group in juglone and the oxygen in the phenol
hydroxyl group can form intermolecular hydrogen bonds with the hy-
droxyl hydrogen and carboxyl hydrogen in GO. In addition, the
hydrogen in the phenol hydroxyl group of juglone quinone can also form
intermolecular hydrogen bonds with the ether group oxygen, alcohol
hydroxyl group oxygen and carboxyl group oxygen in GO. A n-hydrogen
bond (i.e., aromatic hydrogen bond) also forms between juglone and
GO. The large n-bond system of the benzene ring in the juglone quinone
or GO structure has a large electron cloud density, which can act as a
proton acceptor to form z-hydrogen bonds with oxygen atoms and
hydrogen atoms connected to oxygen atoms. In addition to the hydrogen
bonding between GO and juglone molecules, there is a coordination
effect between the GO and juglone molecules. The carbonyl oxygen of
juglone provides an empty orbit to form a coordinate bond with the
ether oxygen and hydroxyl oxygen containing a lone pair of electrons in
GO. If there is a double bond in the carbon adjacent to the hydroxyl
oxygen that forms a hydrogen bond with the juglone carbonyl oxygen,
the existence of this coordination bond will establish a p-n conjugation
between juglone and GO, which will lengthen the conjugated chain of
juglone. This will further strengthen the attraction and binding force of
the hydroxyl and carbonyl groups in juglone, and improve the selectivity
of GO for juglone. The phenol hydroxyl oxygen with a lone pair of
electrons in juglone can also coordinate with the carboxyl-carbonyl
oxygen containing empty orbitals in GO. This can also produce p-n
conjugation, enhancing the absorption force and selective combination
between GO and juglone molecules.

Considering the superiority of BE and MSPE/BC with GO/ND/Fe304
as adsorbents, BE combined with MSPE/BC (BE-MSPE/BC) technology
was developed for purification of juglone from the co-products of
J. mandshurica Maxim. The preliminary purification of juglone by back
extraction lays the foundation for its further purification. The first
combination of BC and MSPE provides the possibility for MSPE to break
through the limitations of trace enrichment. Moreover, adjustability of
bubble column volume, ease of operation and high efficiency of
extraction and purification make BE-MSPE/BC suitable for large-scale
production.

2. Materials and methods
2.1. Materials and chemicals

Branches of J. mandshurica Maxim. with knot-shaped longitudinal
stripes, round protuberant stomata and triangular leaf mark were
collected in November 2019 from the Maoershan Forest Test Station in
China. The photo of J. mandshurica Maxim. branches was shown in
Fig. S1. 1 kg branches with 37.28 % water content is transferred to 40 °C
dryer (DGX-9073, Shanghai Fuma Experimental Equipment Co., Ltd,
Shanghai, China) for 72 h after being dried in the shade [40]. Then they
were crushed into 60 mesh of powder by grinder (YR-2500A, Yongkang
Wurui Industry and Trade Co., Ltd, Jinhua, China).

Juglone standard (purity > 98.0%) was purchased from Aladdin
Chemistry (Shanghai, China). Acetonitrile (HPLC), phosphoric acid
(HPLC) and other reagents (AR) were purchased from Fuchen Chemical
Regents Factory (Shanghai, China).
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2.2. Determination of juglone

High performance liquid chromatography (HPLC, Agilent 1260 In-
finity, Santa Clara, CA, USA) was used for determination of juglone
using a Diamonsil C;g column (4.6 mmx 250 nm, 5 pm; Dikma, Beijing).
The mobile phase was a mixture of 0.2 % phosphoric acid aqueous so-
lution (A) and pure methanol (B) in a ratio of 1:1 (v/v). Injection volume
was 20 pl and flow rate was 1.0 mL/min [41].

2.3. Preliminary separation and purification of juglone by BE

The juglone contained in the J. mandshurica Maxim. branches was
extracted by method of reverse micellar microemulsion-microwave
assisted extraction (RMM-MAE) according to the conditions previously
optimized by our research group [41]. After extraction, the RMM con-
taining juglone was subjected to BE. The BE conditions were KCl solu-
tion and RMM at a ratio of 3:1 (V: V), KCl concentration of 2.0 mol/L, pH
of 9.0, bubble column running time of 30 min, and air flow rate of 80
L/min. The mixed solution was left to stand in the bubble column until
the layers were separated, indicating that the BE was completed. Take
the upper layer solution to adjust the pH to 3.0 with HCI, the color
change of the solution was observed.

The dehydrated microemulsion phase of the lower layer is released
from the bottom of the bubble column and collected. Under magnetic
stirring, 0.05 mol/L KCl solution was added dropwise to recover the
RMM according to the ratio of 27:13.5:4.5:55 (Tween 80: n-propanol: n-
hexane: 0.05 mol/L KCI, w: w: w: w).

2.4. Further separation and purification of juglone by MSPE/BC

2.4.1. Preparation and characterization of GO/ND/Fe304

GO/ND/Fe304 was prepared according to references [42,43] and
characterized by Raman scattering, scanning electron microscope (SEM)
and X-ray diffraction (XRD).

2.4.2. Purification procedure for juglone by MSPE/BC

The MSPE/BC of juglone was carried out in a bubble column device
which is consisted of glass cylindrical container (¢ 3 cmx14 cm), air
inlet, sampling entrance, flow meter and pump (Fig. 1). The air flow of
bubble column is controlled by a valve and measured by a flow meter
[34]. Schematic diagram of bubble column device is shown in Fig. 1.
GO/ND/Fe304 used as the adsorbent in MSPE/BC and the preliminary
purified juglone obtained from the BE were added to the bubble column
through the sampling entrance. The uniformity of suspension is

Sampling entrance O Bubble
: v A * GO/ND/Fe304
4\,‘1‘[ ‘ i Airflow direction
3

‘ Plilmp

-
-
. = S
&0 047, *0 5
& R Y [
Qe QA )
e * O T e =

Fig. 1. Schematic diagram of adsorption or desorption process in MSPE/BC.
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maintained by accelerating mass transfer to improve the adequacy of
solid-liquid contact through bubble turbulence.

MSPE/BC is consisted of two processes: adsorption of juglone on GO/
ND/Fe304 and desorption. GO/ND/Fe304 and the back extraction so-
lution containing juglone were added to the bubble column then fully
adsorbed for a certain time while maintaining a certain air flow to
complete the MSPE/BC adsorption process. After the adsorption tests,
the extract was separated from GO/ND/Fe304 by neodymium magnet.
The neodymium magnet was placed on one side of bubble column, and
GO/ND/Fe304 was enriched to this side by magnetic force for solid-
liquid separation. After adsorption, the separated GO/ND/Fe304 was
washed with deionized water at a solid-liquid ratio (mgo/Np,/Fe304 /
Viater, mg/mL) of 10 to remove the residual BE solution on surface of
GO/ND/Fe304. Desorbent was added to the bubble column containing
GO/ND/Fe304. Subsequently, the desorbent in the bubble column and
GO/ND/Fe304 loaded with juglone were kept for a certain period of
time at a certain air flow rate to complete the MSPE/BC desorption
process. After desorption was completed, GO/ND/Fe304 was separated
from the desorption solution with the aid of neodymium magnet. Thus,
the MSPE/BC process was completed. The adsorption yield (Y,, %) and
desorption yield (Yq4, %) of juglone were calculated using Eq. (1) and (2),
respectively.

Y. (%) :(C"C_Ois)v x 100 @
Yo(%) = % % 100 @)

Where Cp (mg/mL) and C, (mg/mL) represent the concentrations of
juglone in the extract before and after adsorption, respectively; V, (mL)
means the volume of the adsorption solution; Cq (mg/mL) represents the
concentration of juglone in the desorption solution; and V4 (mL) means
the volume of desorption solution.

2.4.3. Optimization of MSPE/BC process

2.4.3.1. Adsorption optimization of juglone on GO/ND/Fe304. The
adsorption of juglone on GO/ND/Fe304 by MSPE/BC was optimized.
Through adsorption kinetic tests and a series of single factor tests (solid-
liquid ratio, pH and air flow rate) (Table 1), the best parameters of each
factor were obtained. In the adsorption kinetics test, samples were
collected once every 0.1 h. The adsorption yields (Y4, %) of juglone on
GO/ND/Fe304 were calculated using Eq. (1).

2.4.3.2 Desorption optimization of juglone on GO/ND/Fe304. The
desorption of juglone on GO/ND/Fe304 by MSPE/BC was optimized.
The factors affecting the desorption yield of juglone were explored by
desorption kinetics test and single factor tests (type of desorbent, con-
centration of desorbent, pH, rate of air flow, solid-liquid ratio). In the
desorption kinetics test, samples were collected once every 0.1h. The
testing parameters are seen in Table 2. The desorption yields (Yg4, %) of

Table 1
Optimization of static adsorption conditions for juglone on GO/ND/Fe304.
Adsorption test Solid-liquid ratio (m pH Rate of Adsorption
conditions Go/ND/Fe304 / V back air flow time (h)
extraction solution) (Mg/ (L/min)
mL)
Adsorption 20 7 60 collected once
kinetics test every 0.1 h
Solid-liquid 10, 20, 30, 40, 50 7 60 0.5
ratio
optimization
PpH optimization 20 4,5.5, 60 0.5
7, 8.5,
10
Rate of air flow 20 7 20, 40, 0.5
optimization 60, 80,
100
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Table 2
Optimization of static desorption conditions for juglone on GO/ND/Fe304.

Chemical Engineering and Processing - Process Intensification 183 (2023) 109257

Desorption test conditions Solid-liquid ratio (m go,Np/Fe304 / pH

Rate of air flow (L/

Desorption time (h)  Desorbent types Desorbent

V desorbent) (mg/mL) min) concentration (%)
Desorption kinetics test 30 7 60 collected once ethanol 100
every 0.1 h

Desorbent types 30 7 60 0.4 ethanol, methanol, 100

optimization n-butanol
Desorbent concentration 30 7 60 0.4 ethanol 60, 70, 80, 90, 100

optimization
Solid-liquid ratio 10, 20, 30, 40, 50 7 60 0.4 ethanol 100

optimization
pH optimization 30 4,6,8, 60 0.4 ethanol 100

10, 12

Rate of air flow 30 7 20,40,60,80,100 0.4 ethanol 100

optimization

juglone on GO/ND/Fe304 are calculated using Eq. (2).

2.4.4. Reusability of GO/ND/Fe304

Reusability of GO/ND/Fe3O4 was evaluated by repeating the
adsorption and desorption process. After each desorption, the GO/ND/
Fe304 was ultrasonically washed with water and ethanol at a solid-liquid
ratio (m Go/ND/ Fe304 /V water or ethanol, mg/mL) of 10 for 10 min,
respectively. After drying the recovered GO/ND/Fe304 at 80°C for 2 h, it
was then used in the next cycle [42].

2.4.5. Comparison of different methods

Vortex and shaker are the most commonly used auxiliary techniques
in combination with MSPE [42-44]. The effects of shaker assisted MSPE
(MSPE/SA) and vortex assisted MSPE (MSPE/VA) on juglone purifica-
tion were compared with those of MSPE/BC. The adsorption yield (Y3,
%) and desorption yield (Y4, %) of juglone were calculated using Eq. (1)
and (2), respectively.

2.4.5.1 Juglone purification by MSPE/BC. GO/ND/Fe304 was added
to a bubble column containing 35 L of back extract solution at a ratio of
30 mg/mL (GO/ND/Fe304: back extract, m:V). Then N2 was pumped
into the bubble column at a rate of 60 L/min for 0.5 h to complete the
adsorption of juglone. Subsequently, absolute ethanol was added at a
ratio of 40 mg/mL (GO/ND/Fe304: absolute ethanol, m:V), and N, was

c\'a“‘ a“

ey

mlﬂ owave
Microemulsion

> juglone
%

BE

of

Powder
J. mandshurica

Y

/

promoted at a rate of 80 L/min for 0.4 h to complete the desorption of
juglone.

2.4.5.2 Juglone purification by MSPE/SA. GO/ND/Fe304 was mixed
with 250 mL back extract at a ratio of 30 mg/mL (GO/ND/Fe304: back
extract, m:V) and shaken at a rate of 180 r/min for 24 h. After adsorp-
tion, absolute ethanol was added at a ratio of 40 mg/mL (GO/ND/Fe304:
absolute ethanol, m:V) and shaken at 180 r/min for 24 h to desorb the
juglone from GO/ND/Fe304.

2.4.5.3. Juglone purification by MSPE/VA. 30 mL of back extract was
mixed with GO/ND/Fe304 at a ratio of 30 mg/mL (GO/ND/Fe304: back
extract, m:V) in a centrifuge tube and vortexed for 0.5 h. Then, absolute
ethanol was added to the GO/ND/Fe304 with juglone adsorbed at a ratio
of 40 mg/mL (GO/ND/Fe304: absolute ethanol, m:V), and desorbed by
0.4 h vortexing.

2.5. Separation and purification of juglone by BE-MSPE/BC

After extraction by RMM-MAE, juglone was preliminarily purified by
BE. The BE solution loaded with juglone was adsorbed and desorbed
under the optimized conditions obtain from Section 2.4.3 to complete
the MSPE/BC of juglone. Then desorption solution obtained from MSPE/
BC was dried at 40°C using a rotary evaporator (RE-52AA, Shanghai
QingPu Huxi Instrument Factory) to obtain purified juglone. The

MSPE/BC

BE-MSPE/BC

Fig. 2. The diagram of BE-MSPE/BC.
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recovery yield and purity of juglone were calculated using Eqs. (3) and
(4), respectively [45]. The diagram of BE-MSPE/BC was shown in Fig. 2.

Cq X Vq
R=22"451
CexVeX 00 3)
v,
p= S Ve oo ©
my

Where R (%) represent the recovery yield of juglone; Cq (mg/mL)
represents the concentration of juglone in the desorption solution; V4
(mL) means the volume of desorption solution; Ce (mg/mL) represents
the concentration of juglone in the extract; and Ve (mL) means the
volume of extract. Where P(%) represents the purified purity of purified
juglone; my (mg) is the mass of the powder obtained after the desorption
liquid was spin-dried.

2.6. Statistic analysis

All the experiments were carried out in triplicates. Results were re-
ported as a mean of triplicates with standard deviation (mean + SD) or
error bars in the graphs. Graphs were drawn using Origin 2021.

3. Results and discussion
3.1. Preliminary separation and purification of juglone by BE

Fig. S2B-a is the image of microemulsion extract enriched with
juglone. The image of alkaline back extract is shown in Fig. S2A. Take
the upper layer of back extract and it can be seen that it is purple-red
(Fig. S2B-b), adjust its pH to 3 and the color will turn to orange
(Fig. S2B-c). Which is consistent with the characteristic that juglone is
purple-red in acidic solution and orange in alkaline solution. It indicates
that juglone is successfully back extracted from the microemulsion into
KCl aqueous solution.
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3.2. Further separation and purification of juglone by MSPE/BC

3.2.1. Characterization of the GO/ND/Fe304

The characterizations of GO/ND/Fe304 are shown in Fig. 3. In the
Raman spectrum, D band reflects the SP® hybridization of C atom, and G
band indicates the SP? hybridization of the C atom. The ratio of I(D)/1(G)
reflects the hybridization of C atom in the prepared materials (GO/ND/
Fe304). It can be seen from Fig. 3A the I(D)/I(G) of GO/ND was 0.99
which was higher than that 0.82 of GO. Which indicated that SP® hy-
bridization of GO/ND was enhanced, that was, its three-dimensional
structure enhanced. Which implied that the ND of the regular tetrahe-
dron structure had been successfully introduced into GO. The intro-
duction of Fe304 further increased the I(D)/I(G) ratio of GO/ND/Fe304
to 1.40. It can be seen from the IR spectrum in Fig. 3B that the composite
material, GO/ND/Fe304 contains hydroxyl groups, which can be indi-
cated by the absorption peak near 3000 cm ™. The carboxyl group is one
of the functional groups of GO/ND/ND/Fe304, and its C=0 character-
istic stretching vibration appears at 1734 cm ™. The absorption peak at
869 cm ! just verified the existence of epoxy groups. In addition, the
peak near 580 cm™! corresponds to the existence of Fe-O bond, which
proves the successful introduction of magnetic particles. The state of the
spherical particles in Fig. 3C shows the uniform embedding of Fe3O4
particles on the GO surface [43]. According to the relevant peak infor-
mation of XRD shown in Fig. 3D, the JCPDS card number is indexed,
89-8493 corresponds to the existence of ND. This is consistent with the
results reported, which suggests that the increase of GO active sites for
absorbing juglone may due to the existence of ND’s supporting effect on
GO sheets [42].

3.2.2. Optimization of the adsorption of juglone on GO/ND/Fes04

3.2.2.1 Adsorption kinetics. The adsorption yield of juglone gradu-
ally increased from 0 to 0.5 h and then remained relatively stable
(Fig. 4A). After 0.5 h, the magnetic material may have become saturated
so that no more juglone could be adsorbed. Therefore, 0.5 h was selected
as the optimum adsorption time for subsequent experiments.
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Fig. 3. Characterization of GO/ND/Fe304. A: Raman spectra of GO, GO/ND and GO/ND/Fe304. B: FTIR spectrum of GO/ND/Fe304. C: SEM image of GO/ND/Fe30,,

D: XRD image of GO/ND/Fe30,.
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Fig. 4. Adsorption kinetic curve for juglone (A). Effect of single factors on the adsorption yield for juglone (B). Desorption kinetic curve for juglone (C). Effect of
single factors on the desorption yield for juglone (D). Effects of different methods on adsorption and desorption yields of juglone (E). Purification results for juglone.
A: HPLC spectrum of the purified juglone; B: Ultraviolet-visible spectrum of the sample (F).

3.2.2.2 Effect of solid-liquid ratio on the adsorption yield of juglone.
Effect of solid-liquid ratio (10-50 mg/mL) on the adsorption yield of
juglone on GO/ND/Fe304 was investigated (Fig. 4B). As the GO/ND/
Fe304 concentration increased from 10 to 40 mg/mL, the adsorption of
juglone gradually increased. When the GO/ND/Fe304 concentration
was more than 40 mg/mL, the adsorption of juglone did not increase as
further increases in the solid-liquid ratio. Both 30 mg/mL and 40 mg/mL
GO/ND/Fe304 gave similar results, and therefore, to reduce costs, 30
mg/mL was selected as the optimum GO/ND/Fe3O4 concentration.
Juglone was mainly adsorbed through interaction with the surface of the
GO/ND/Fe304. When the solid-liquid ratio was less than 30 mg/mL,
juglone in the sample solution was not completely adsorbed by GO/ND/
Fe304. This was why the adsorption of juglone increased with increase of
GO/ND/Fe304 ratio. When the solid-liquid ratio reached 30 mg/mL, the
juglone was almost all absorbed onto GO/ND/Fe304. Therefore, further
increased in the concentration of GO/ND/Fe304 did not increase the
adsorption of juglone. This is consistent with the results reported in
publication [46].

3.2.2.3. Effect of pH on the adsorption of juglone. The pH determines
form of the juglone and type of charge on surface of GO/ND/Fe304,
which in turn affects the adsorption of juglone on GO/ND/Fe304 [42]
We investigated the adsorption of juglone on GO/ND/Fe304 from pH
4-10.

With increases in the pH from 4 to 5.5, the adsorption of juglone on

GO/ND/Fe304 gradually increased (Fig. 4B). The maximum adsorption
occurred at pH 5.5. At pH values above 5.5, the adsorption of juglone on
GO/ND/Fe304 was negatively correlated with the pH. GO contains
carboxyl and phenol hydroxyl groups, and ionization of these groups
will increase with increasing pH. As pH changes from acidic to alkaline,
the negative charge of GO will gradually increase. Ionization of juglone
followed the same trend as the carboxyl and phenol hydroxyl groups in
GO, and degree of ionization increased with increases in the pH. When
pH exceeded 5.5, the negative charges of both juglone and GO gradually
increased because of increases in the degree of ionization. When juglone
and GO are negatively charged, there will be electrostatic repulsion
between them, and this will increase with increases in the pH. Thus, the
adsorption yield of juglone by GO/ND/Fe304 will gradually decrease as
the pH increases. In the pH range of 4-5.5, the carboxyl groups in GO will
be negatively charged, but the degree of ionization of juglone at pH 4
will be weaker than that at pH 5.5 [42]. Therefore, there will be stronger
electrostatic repulsion between GO/ND/Fe304 and juglone at pH 5.5
than that at pH 4. At pH values lower than 5.5, some of the GO/ND/-
Fe304 might be destroyed by the acid, which would affect the adsorption
yield of juglone. Therefore, pH 5.5 was selected as the optimum pH for
the adsorption of juglone on GO/ND/Fe304.

3.2.2.4 Effect of air flow rate on adsorption yield. The effect of the air
flow rate (20-100 L/min) on adsorption yield of juglone using GO/ND/
Fe304 was investigated. With increases in the air flow rate from 20 to 60
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L/min, the adsorption yield of juglone increased gradually until it
reached a maximum at 60 L/min (Fig 4B). The adsorption yield of
juglone then decreased with further increases in the air flow. When the
air flow was less than 60 L/min, GO/ND/Fe304 was not well dispersed in
the sample solution because the low air flow rate resulted in insufficient
contact between GO/ND/Fe304 and juglone, and incomplete adsorp-
tion. When the air flow was more than 60 L/min, the juglone was more
vigorously dispersed, and the time that it was in contact with GO/ND/
Fe304 was too short, which decreased the adsorption yield of juglone.
The adsorption capacity of GO/ND/Fe304 on juglone increases first and
then tends to be stable with the increase of air flow. This trend is similar
to the results in publication [34]. Therefore, 60 L/min was selected as
the optimum air flow for subsequent test.

3.2.3. Optimization of static desorption of juglone on GO/ND/Fe304

3.2.3.1 Desorption kinetics. The desorption yield of juglone gradu-
ally increased from O to 0.4 h (Fig. 4C), and then remained stable after
0.4 h. This may be the diffusion of juglone loaded on GO/ND/Fe304 in
absolute ethanol after 0.4 h has reached equilibrium, and the desorbable
juglone from GO/ND/Fe304 has basically been released into absolute
methanol. Therefore, 0.4 h was selected as the optimum desorption
time.

3.2.3.2 Effect of desorbent type on desorption yield. The desorbent
type is a key parameter that affects the desorption of juglone. The
desorbent should be strong enough to remove juglone from the surface
of GO/ND/Fe304 but not damage the GO/ND/Fe304 [42, 43].

Methanol, ethanol and n-butanol with a volume fraction of 100%
were selected as candidate desorbents to explore the desorption yield of
juglone from GO/ND/Fe304. The maximum desorption yield of juglone
was obtained with methanol (Fig. 4D).

3.2.3.3 Effect of desorbent volume fraction on the desorption yield of
juglone. To determine the optimum volume fraction of desorbent, 60%
-100% methanol was used to desorb juglone from GO/ND/Fe304
(Fig. 4D). The desorption yield of juglone increased with increases in the
volume fraction of methanol. According to the principle of similar phase
solubility, juglone is more easily dissolved in 100% methanol due to its
weak polar which is similar to the results reported [14]. Therefore,
100% methanol was selected as the optimum volume fraction for
desorption of juglone from GO/ND/Fe304.

3.2.3.4 Effect of pH on the desorption yield of juglone. The effect of
pH on desorption yield of juglone was explored (Fig. 4D). When pH was
in the range of 4-8, the desorption yield of juglone was positively
correlated with pH. When pH exceeded 8, desorption yield of juglone
begun to decrease. As increased in the pH, the hydrogen ion concen-
tration in the desorbent decreased, so the ionization inhibition rate of
the desorbent on GO/ND/Fe304 and juglone decreased. The increase in
ionization degree of GO/ND/Fe304 made the surface of GO/ND/Fe304
negatively charged [42]. The ionization of juglone made it exist in the
form of juglone anion. The electrostatic repulsion between GO/ND/-
Fe304 and juglone increased with the increase of the ionization degree,
and the probability of juglone desorption from GO/ND/Fe304 also
increased. When pH was in the range of 4-8, the desorption yield of
juglone gradually increased. When pH was higher than 8, the increase in
alkalinity also increased the probability of saponification reaction of
juglone, which may be the reason for the decrease in juglone content.
Therefore, 8 was the optimal pH of the desorbent for subsequent
experiments.

3.2.3.5 Effect of solid-liquid ratio on the desorption of juglone. The
effect of solid-liquid ratio from10 to 50 mg/mL was investigated
(Fig. 4D). From 10 to 40 mg/mL, the desorption yield was positively
correlated with solid-liquid ratio. Above 40 mg/mL, increases in the
solid-liquid ratio did not greatly increase the desorption yield of juglone.
When the solid-liquid ratio was less than 40 mg/mL, the amount of
juglone loaded on the GO/ND/Fe3O4 was not enough to make the
desorption solution saturate when it was desorbed. With an adsorbent
concentration of 40 mg/mL, the desorption reached saturation and
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further increased the solid-liquid ratio (more than 40 mg/mL), the
desorption yield of juglone did not increase.

3.2.3.6 Effect of air flow on the desorption of juglone. With increases
in the air flow from 20 to 80 L/min, the desorption yield of juglone
increased gradually until it reached a maximum at 80 L/min (Fig 4D).
The adsorption yield of juglone then no longer increased significantly
with further increases in the air flow. When the air flow rate was less
than 80 L/min, juglone-loaded GO/ND/Fe304 did not well dispersed in
the desorbent. Juglone loaded on GO/ND/Fe304 did not fully contact
with the desorbent. With the increase of air flow, the dispersion of GO/
ND/Fe304 in the desorbent increases, and the contact between juglone
and the desorbent also increases, so the desorption rate of juglone
gradually increases. When the air flow reaches 80 L/min, the contact
between juglone and the desorbent is enough to make the juglone
adsorbed on GO/ND/Fe304. Therefore, considering energy saving and
efficiency, 80 L/min was determined as the optimal air flow rate.

3.2.4. Reusability

For recycling of GO/ND/Fe30;4, the reusability of magnetic com-
posite materials was investigated and the results are shown in Table 3.
After cycle 8, yield of the GO/ND/Fe304, adsorption yield, desorption
yield, and purity of juglone are all relatively stable. However, after the
oth recycling, although the GO/ND/Fe3O4 recovery yield did not
decrease significantly, adsorption yield, desorption yield and purity of
juglone all appeared to be greatly reduced. Therefore, GO/ND/Fe304
can be reused 9 times for the purification of juglone.

3.2.5. Comparison of different methods

MSPE/BC was compared with MSPE/SA and MSPE/VA for purifi-
cation of juglone. It can be seen from Fig. 4E that the adsorption and
desorption yields of juglone obtained through MSPE/BC were 2.19- and
2.15-fold higher than those obtained by MSPE/SA, respectively. While,
MSPE/BC and VA/MASP were equivalent in terms of adsorption and
desorption yields of juglone. It may be the reason that MSPE/SA cannot
make adsorbent, GO/ND/Fe304, fully dispersed in liquid, and the ag-
gregation of GO/ND/Fe304 limited the exposure rate of active sites.
Which greatly reduces the ability to purify juglone by MSPE/SA. While,
the turbulent flow and the continuous bottom-up bubbles induced by
MSPE/VA and MSPE/BC, respectively, can promote the full desorption
of GO/ND/Fe304 in the liquid. Thus, the adsorption and desorption
capacity of GO/ND/Fe304 is maximized. Which makes it a possible for
MSPC/BC to break through the limitation of MSPE on trace enrichment.
Moreover, the volume of the back extract purified by MSPE/BC was
35000 mL, which was much larger than the volume of 250 mL purified
by MSPE/SA and 30 mL by MSPE/VA. Therefore, MSPE/BC not only
makes up for the deficiency that MSPE is generally only suitable for trace
enrichment, but also endows MSPE with the potential for industrial
production [46-48].

Table 3
Reuse of GO/ND/Fe304.
Cycles  Recovery rate of  Adsorption yield Desorption yield Purity of
GO/ND/ of juglone (%) of juglone (%) Juglone
Fe304(%) (%)
0 99.76 70.30 50.60 70.86
1 99.75 70.22 50.31 70.22
2 99.70 69.95 50.04 69.03
3 99.67 69.97 49.20 68.90
4 99.61 69.71 49.02 68.11
5 99.52 69.42 48.63 67.56
6 99.50 68.50 47.81 64.30
7 99.46 66.36 45.25 62.47
8 99.40 63.14 41.96 60.89
9 99.33 51.80 34.46 48.61
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3.3. Separation and purification of juglone by BE-MSPE/BC

The desorption solution obtained by MSPE/BC was analyzed by
HPLC and ultraviolet-visible spectroscopy (Fig. 4F). The HPLC spectra
of the purified juglone sample was shown in Fig. 7A. The purity and
recovery yield of juglone obtained by BE-MSPE/BC were 72.38% and
80.57%, respectively.

4. Conclusions

The technology developed in this study, MSPE/BC, for the separation
and purification of juglone from coproducts of J. mandshurica Maxim. is
efficient and sustainable. Meanwhile, it solves the cumbersome problem
of chromatographic column packing in traditional natural product pu-
rification methods. Furthermore, MSPE/BC makes up for the deficiency
that MSPE is generally only suitable for trace enrichment and endows
MSPE with the potential for industrial production. Consequently, the
results of this study could be used as a guideline for the development of
alternative technology for separation and purification active ingredients
from biomass materials and products.
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