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Abstract: Glucosinolates (GLs) are of great interest for their potential as antioxidant and anticancer
compounds. In this study, macroporous crosslinked copolymer adsorbents of poly (glycidyl
methacrylate) (PGMA) and its amine (ethylenediamine, diethylamine, triethylamine)-modified
derivatives were prepared and used to purify the GLS glucoerucin in a crude extract obtained from
a cruciferous plant. These four adsorbents were evaluated by comparing their adsorption/desorption
and decolorization performance for the purification of glucoerucin from crude plant extracts.
According to the results, the strongly basic triethylamine modified PGMA (PGMA-III) adsorbent
showed the best adsorption and desorption capacity of glucoerucin, and its adsorption data was
a good fit to the Freundlich isotherm model and pseudo-second-order kinetics; the PGMA adsorbent
gave the optimum decolorization performance. Furthermore, dynamic adsorption/desorption
experiments were carried out to optimize the purification process. Two glass columns were serially
connected and respectively wet-packed with PGMA and PGMA-III adsorbents so that glucoerucin
could be decolorized and isolated from crude extracts in one process. Compared with KCl solution,
aqueous ammonia was a preferable desorption solvent for the purification of glucoerucin and overcame
the challenges of desalination efficiency, residual methanol and high operation costs. The results
showed that after desorption with 10% aqueous ammonia, the purity of isolated glucoerucin was
74.39% with a recovery of 80.63%; after decolorization with PGMA adsorbent, the appearance of
glucoerucin was improved and the purity increased by 11.30%. The process of using serially connected
glass columns, wet-packed with PGMA and PGMA-III, may provide a simple, low-cost, and efficient
method for the purification of GLs from cruciferous plants.
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1. Introduction

Cruciferous vegetables are a rich source of glucosinolates (GLs); a large and diverse group of
chemicals with cancer chemoprotective properties [1]. When plant cells are damaged, e.g., by grinding
or chopping, GLs are released and converted into isothiocyanates by the enzyme myrosinase
(thioglucoside glucohydrolase, EC3.2.3.1) [2]. Isothiocyanates are largely responsible for cancer
chemoprevention and antioxidation [3–5]. Sulforaphane (4-methylsulfinybutylisothiocyanate),
derived from glucoraphanin (4-methylsulfinybutylglucosinolate), is the most potent natural inducer of
phase II (detoxification) enzymes, including quinone reductase and glutathione S-transferase [6] and
has subsequently been shown to possess anticarcinogenic properties [7]. Erucin (4-methylthiobutyl
isothiocyanate), derived from glucoerucin (4-methylsulfinylbutyl glucosinolate), has also shown
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promising anticancer effects in some in vitro and in vivo experiments [8,9]. Unlike sulforaphane,
erucin and glucoerucin possess direct antioxidant behavior and are efficient scavengers of hydrogen
peroxide and organic hydroperoxides. Therefore, we try to purify glucosinolate first and then produce
isothiocyanate [10].

In the past few decades, GLs have been isolated and purified using solvent extraction and a variety
of chromatographic techniques including: Alumina column chromatography [11]; low-pressure
column chromatography [12]; preparative high-performance liquid chromatography [13]; preparative
high-speed counter-current chromatography [14], ion-exchange chromatography on DEAE-Sephadex®

A-25 [10,15,16]; strong ion-exchange centrifugal partition chromatography [17]; and slow rotary
counter-current chromatography [18]. However, the complexity and high operational costs of these
methods are inappropriate for the large quantities of GLs necessary to satisfy the increasing demands
of research and commerce. Therefore, an efficient and economical industrial approach to obtain the
product should be developed to meet these demands.

GLs have good water solubility because of their ionized sulfate and hydrophilic β-D-thioglucose
moieties [1]. Hence, macroporous ion-exchange resin adsorption [19] and alumina [12] have been used
to isolate and concentrate GLs. Typically, an inorganic salt was used to desorb GLs from the ion-exchange
resin; nanofiltration technology and precipitation with methanol were used to remove the salt from
the isolated GLs. In a previous study, we found that precipitation with methanol could not remove
inorganic salt completely [12]. Although nanofiltration technology could efficiently remove inorganic
salt, it was not cost effective due to the specialized apparatus required. Therefore, it is necessary
to develop an efficient and low-cost method to separate GLs without removing salt. Furthermore,
large quantities of co-extracted pigments also compromised the purity of GLs. Until now, there have
been few studies concerning the decolorization of the crude extracts of GLs from cruciferous vegetables.

Growing attention has been paid to separating and purifying pharmaceutical and natural
products using polymeric resins because of their availability, economy, high chemically stability,
and recyclability [20]. The aim of this study was to evaluate the performance (absorption/desorption
and decolorization) of macroporous adsorbent PGMA and its three amine modified (ethylenediamine,
diethylamine, triethylamine) anion-exchange adsorbents (PGMA-I, PGMA-II, PGMA-III) for the
purification of glucoerucin from crude extracts of rocket seeds (Eruca vesicaria). Adsorbents that
decolorized pigments and adsorbed/desorbed glucoerucin most efficiently were selected, and separation
parameters optimized for purification efficiency.

2. Results

2.1. Adsorbent Performances of PGMA and Its Amine-Modified Derivatives

In this study, acrylic macroporous crosslinked copolymer PGMA beads were prepared: The mean
particle diameter of the beads was about 150 µm; after sieving, the 100–150 µm fraction was used for
the further reactions; the physicochemical properties of PGMA beads are shown in Table 1.

Table 1. Physicochemical properties of prepared PGMA beads.

Adsorbent ρp (g/mL) ω (%) Sr (%) D (nm) S (m2/mL) V (mL/g) P (%)

PGMA 1.09 51.7 650 34.75 64.86 1.07 56.35

Figure 1 shows the synthetic route for the preparation of PGMA, PGMA-I, PGMA-II and PGMA-III:
The functional groups were covalently attached onto the surface of PGMA via reaction between the
epoxy groups of the beads and amine groups of the amination reagents; the content of available epoxy
groups on the bead surface was 2.31 mmol/g beads. The epoxide groups were a convenient means of
immobilizing the amine functional groups: The O–C and N–C bonds formed were extremely stable;
their contents in PGMA-I/PGMA-II/PGMA-III beads were 1.78/1.76/1.82 mmol/g, respectively.
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Figure 1. Synthetic route for PGMA, PGMA-I, PGMA-II and PGMA-III beads and the structure
of glucoerucin.

The Fourier transform infrared (FTIR) spectra of PGMA, PGMA-I, PGMA-II and PGMA-III
beads are shown in Figure 2. The characteristic IR frequencies of PGMA and their assignments
were: 1728 cm−1 (C=O stretch of GMA); 841 cm−1 and 907 cm−1 (epoxide ring deformation).
Compared with PGMA, the peaks at 841 cm−1 and 907 cm−1 (epoxide ring deformation) were
absent or much reduced for PGMA-I, PGMA-II and PGMA-III, consistent with the formation of the
ethylenediamine/diethylamine/triethylamine derivatives.

Molecules 2019, 24, x FOR PEER REVIEW 3 of 14 

 

extremely stable; their contents in PGMA-I/PGMA-II/PGMA-III beads were 1.78/1.76/1.82 mmol/g, 
respectively. 

 
Figure 1. Synthetic route for PGMA, PGMA-I, PGMA-II and PGMA-III beads and the structure of 
glucoerucin. 

The Fourier transform infrared (FTIR) spectra of PGMA, PGMA-I, PGMA-II and PGMA-III 
beads are shown in Figure 2. The characteristic IR frequencies of PGMA and their assignments were: 
1728 cm−1 (C=O stretch of GMA); 841 cm−1 and 907 cm−1 (epoxide ring deformation). Compared with 
PGMA, the peaks at 841 cm−1 and 907 cm−1 (epoxide ring deformation) were absent or much reduced 

for PGMA-I, PGMA-II and PGMA-III, consistent with the formation of the 
ethylenediamine/diethylamine/triethylamine derivatives. 

 
Figure 2. FT-IR spectra of prepared beads. (a) PGMA; (b) PGMA-I; (c) PGMA-II; (d) PGMA-III. 

Figure 3 shows the morphology of the PGMA beads obtained using SEM. The uniform spherical 
shape of PGMA showed the formation of discrete particles on the surface layer (Figure 3b–d) after 
modification with each amine. 

Figure 2. FT-IR spectra of prepared beads. (a) PGMA; (b) PGMA-I; (c) PGMA-II; (d) PGMA-III.

Figure 3 shows the morphology of the PGMA beads obtained using SEM. The uniform spherical
shape of PGMA showed the formation of discrete particles on the surface layer (Figure 3b–d) after
modification with each amine.



Molecules 2020, 25, 3286 4 of 14

Molecules 2019, 24, x FOR PEER REVIEW 4 of 14 

 

 
Figure 3. Morphology of prepared beads by SEM. (a) PGMA; (b) PGMA-I; (c) PGMA-II; (d) PGMA-
III. 

2.2. Static Adsorption and Desorption 

PGMA, PGMA-I, PGMA-II and PGMA-III were used to separate glucoerucin from crude 
extracts; the adsorption capacity and the ratios of adsorption and desorption of different adsorbents 
towards glucoerucin are shown in Figure 4. The adsorption/desorption ratio for PGMA-III towards 
glucoerucin was much higher than PGMA-I, PGMA-II and PGMA adsorbents. The high adsorption 
capacity of PGMA-III towards glucoerucin could be attributed to the strong interaction between the 
functional group -N+ (CH3)3 of PGMA-III and -SO3− moiety of glucoerucin. Consequently, PGMA-III 
adsorbent was selected for further investigations of the adsorption/desorption behavior towards 
glucoerucin. 

 
Figure 4. Adsorption capacities and the adsorption/desorption ratios for PGMA, PGMA-I PGMA-II 
and PGMA- III towards glucoerucin. 

Figure 5 shows that the pH of crude extracts (pH range 2–10) had no significant effect on the 
adsorption capacities and adsorption/desorption ratios of PGMA-III. A high degree of ionic 
interaction still existed between the sulfate moiety -SO3− of glucoerucin and the -N+(CH3)3 functional 
group of adsorbent which was not influenced by the change in pH; the ionization of the functional 

Figure 3. Morphology of prepared beads by SEM. (a) PGMA; (b) PGMA-I; (c) PGMA-II; (d) PGMA-III.

2.2. Static Adsorption and Desorption

PGMA, PGMA-I, PGMA-II and PGMA-III were used to separate glucoerucin from crude extracts;
the adsorption capacity and the ratios of adsorption and desorption of different adsorbents towards
glucoerucin are shown in Figure 4. The adsorption/desorption ratio for PGMA-III towards glucoerucin
was much higher than PGMA-I, PGMA-II and PGMA adsorbents. The high adsorption capacity of
PGMA-III towards glucoerucin could be attributed to the strong interaction between the functional
group -N+ (CH3)3 of PGMA-III and -SO3

− moiety of glucoerucin. Consequently, PGMA-III adsorbent
was selected for further investigations of the adsorption/desorption behavior towards glucoerucin.
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Figure 4. Adsorption capacities and the adsorption/desorption ratios for PGMA, PGMA-I PGMA-II
and PGMA- III towards glucoerucin.

Figure 5 shows that the pH of crude extracts (pH range 2–10) had no significant effect on the
adsorption capacities and adsorption/desorption ratios of PGMA-III. A high degree of ionic interaction
still existed between the sulfate moiety -SO3

− of glucoerucin and the -N+(CH3)3 functional group of
adsorbent which was not influenced by the change in pH; the ionization of the functional group of
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glucoerucin also played a major role in the adsorption process by PGMA-III. The pH of the crude
extracts was adjusted to 6.2 for subsequent experiments.
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PGMA-III adsorbent towards glucoerucin.

The Langmuir equations and Freundlich equations are usually used to reveal the linearity fitting
and interaction of solutes with the adsorbents [21–23].

The experimental data were fitted to the Langmuir equation:

qe =
q0KCe

1 + KCe
(1)

where q is the adsorption capacity, K is the adsorption equilibrium constant (an empirical constant)
and Ce is the concentration of adsorbate at equilibrium.

The experimental data were also fitted to the Freundlich equation:

qe = KfC
1/n
e (2)

where Kf is the Freundlich constant (an indicator of adsorption capacity); and 1/n is an empirical
constant related to the magnitude of the adsorption driving force [23].

Equilibrium adsorption isotherms for crude extracts of glucoerucin (40 mL) on PGMA-III (0.5 g)
at different temperatures are summarized in Table 2. Although the correlation coefficients for the
experimental fit of the adsorption of glucoerucin on PGMA-III were >0.99 for both the Langmuir
and Freundlich models, the Freundlich isotherm could provide a better prediction of the adsorption
behavior. From the Freundlich equation, adsorption is likely to occur when 1/n lies between 0.1 and
0.5; it is unlikely when 1/n value lies 0.5 and 1; and its occurrence is least likely if 1/n value exceeds
1 [24]. Table 2 shows that the 1/n values were between 0.10 and 0.30, indicating that adsorption of
glucoerucin on PGMA-III was favored. The results also demonstrated that the adsorption increased
with increasing temperature. This suggested that a low temperature would inhibit adsorption and that
the adsorption was endothermic.

The kinetics of adsorption of glucoerucin on PGMA-III adsorbent at 30 ◦C are shown in
Figure 6; the adsorption capacity increased with adsorption time to reach equilibrium after 150 min.
The adsorption behavior may be consistent with the Freundlich multimolecular layer adsorption
model arising from the strong interaction between -N+(CH3)3 of PGMA-III and -SO3

− moiety of
glucoerucin. Two rate equations were used to determine the adsorption kinetics of glucoerucin on the
PGMA-III adsorbent.
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Table 2. Langmuir and Freundlich adsorption parameters of glucoerucin on PGMA-III adsorbent at
different temperatures.

Temperature (◦C) Langmiur Model Freundlich Model

qo (mg/g) K (mg/mL) R2 Kf (mg/g) 1/n R2

20 52.91 14.54 0.9916 52.69 0.1855 0.9924
30 64.94 7.333 0.9879 59.85 0.2737 0.9952
40 69.93 6.217 0.9880 63.28 0.2974 0.9893
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The pseudo-first-order rate equation of Lagergren is one of the most widely used for the adsorption
of solute from a solution [25]. The model has the following form:

logqe−qt = logqe −k1t (3)

where k1, qe (mg/g), and qt (mg/g) represent the rate constant of first-order adsorption (min−1),
the amounts of adsorption at equilibrium and at time t (min), respectively.

The pseudo-second-order model [26] is expressed as:

1
qt

=
1

k2q2
et

+
1
qe

(4)

where k2 represent the rate constant of pseudo-second-order adsorption (g/mg/min). The rate constant
(k2) and adsorption at equilibrium (qe) can be obtained from the intercept and slope, respectively [27].

The parameters used for the pseudo-first-order and pseudo-second-order equations are shown
in Table 3. The results showed that the theoretical qe value estimated from the pseudo-second-order
equation was close to the experimental value (R2 > 0.99).

Table 3. The pseudo-first-order kinetic model and pseudo-second-order kinetic model adsorption
parameters of glucoerucin on PGMA-III adsorbent at 30 ◦C.

Experimental Pseudo-First-Order Kinetic Pseudo-Second-Order Kinetic

qexp (mg/g) k1 (min−1) qe (mg/g) R2 k2 (g/mg/min) qe (mg/g) R2

60.24 0.0312 103.4 0.8803 0.0003922 71.43 0.9920

The desorption solvent was selected according to the ionization of the adsorbent and the solubility
of glucoerucin in the desorption solution. As shown in Figure 7, the desorption ratio of glucoerucin
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increased with increasing concentrations of aqueous ammonia or KCl. However, there were no
significant differences between the maximum desorption ratios obtained using aqueous ammonia
(82.08%) or KCl (83.12%) as the desorption solvents; either could be used to elute glucoerucin from
the adsorbent.
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2.3. Dynamic Adsorption and Desorption

When adsorption reaches the breakthrough point, the adsorption effect decreases and even
ceases [28]. Hence, it is important to establish the breakthrough point to calculate the appropriate
sample feed concentration and bed volume (BV) of the sample solution. The effect of feed concentration
(0.657 mg/mL, 1.009 mg/mL, 1.502 mg/mL) at a flow rate of 2 BV/h (1 BV = 15 mL) on the adsorption
capacity of PGMA-III was studied. As the feed concentration increased, the volume of adsorption
solutions (eluate) at the 10% breakthrough point decreased; this also indicated that the process time
decreased as the feed concentration increased. However, the adsorption capacity increased and reached
its peak value (64.02 mg/g) at a feed concentration of 1.502 mg/mL. Therefore, based on the process
time and the adsorption capacity, a feed concentration of 1.5 mg/mL and flow rate of 2 BV/h were
selected for the following experiments.

To optimize the elution of glucoerucin from PGMA-III, the effects of different concentrations
of aqueous desorption solvents (ammonia 5%, 10%; KCl 1.0, 2.0 mol/L) were evaluated at a flow
rate 2 BV/h and 30 ◦C. Figure 8 shows that the concentration glucoerucin increased in the eluate
with increasing concentrations of aqueous ammonia or KCl. Maximum desorption occurred using
10% aqueous ammonia or 2.0 mol/L KCl solution, equivalent to desorption ratios of >75% or >82%,
respectively; both dynamic desorption curves showed that glucoerucin eluted in a lower volume of
eluate over a narrow range. Therefore, both 10% aqueous ammonia water and 2.0 mol/L KCl solution
could be used as dynamic desorption solvents.
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2.4. Decolorization Capacities of PGMA and Its Modified Adsorbents

A large amount of pigment remained in the eluate after dynamic desorption of glucoerucin using
aqueous ammonia or KCl solution.

Decolorization capacities of PGMA and its modified adsorbents were determined from the UV
absorbance (420 nm) of crude extract solutions before and after decolorization [29]. As shown in
Figure 9, the decolorization ratio of glucoerucin solution after treatment with PGMA adsorbent was
much less than that after treatment with PGMA-I/PGMA-II/PGMA-III adsorbents; the color of the crude
extracts after treatment with PGMA adsorbent showed greater clarity and transparency. Ethanol could
be used as the regeneration solvent for PGMA adsorbent. This, and its minimal adsorption capacity
towards glucoerucin (see Section 2.3) compared with the other adsorbents (PGMA-I, PGMA-II and
PGMA-III), indicated that PGMA could be used effectively to decolorize crude extracts.
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2.5. One Step Process of Decolorization and Separation

A one step process to decolorize and separate glucoerucin from crude extracts using two serially
connected glass columns, wet-packed with selected adsorbents, was devised and tested: When the
crude extracts flowed through the glass column containing PGMA, the pigments were absorbed
by the particles; the decolorized crude extracts then flowed into the lower glass column where
glucoerucin was adsorbed by PGMA-III. When the adsorption reached equilibrium, 10% aqueous
ammonia (or 2 mol/L KCl solution) was used to elute glucoerucin; the collected eluate was evaporated
and condensed into a solid product. After each cycle, 90% ethanol and 4% NaOH solution were applied
respectively to regenerate the PGMA and PGMA-III adsorbents.

Table 4 shows the effects of the different elution solvents (10% aqueous ammonia; 2 mol/L KCl
solution) on the purity and recovery of glucoerucin. When KCl solution was used as the desorption
solvent, the purity of glucoerucin was low due to the presence of salt. Partial removal of KCl,
by precipitation with methanol, increased the purity of glucoerucin by 48.8% while the recovery
decreased by 35.07%. However, using 10% aqueous ammonia, the purity and recovery of glucoerucin
increased from 60.52% to 74.39% and 55.48% to 80.63% respectively. Furthermore, consumption of
electric (used for drying procedures) was significantly reduced and a large quantity of methanol
was saved. Therefore, 10% aqueous ammonia could be effectively used to purify glucoerucin from
crude extracts.

Table 4. Effects of desorption solvents on the purity and recovery of glucoerucin.

Desorption Solvent Purity (%) Recovery (%)

2 mol/L KCl 40.66 85.45
2 mol/L KCl + desaltation * 60.52 55.48

10% ammonia water 74.39 80.63

* Precipitation with methanol to remove salt from GLs.

The purity of the glucoerucin obtained from the combined treatment of crude extracts with PGMA
and PGMA-III was ≤74.39% higher than that only using PGMA-III alone; removal of the pigment
with the PGMA increased the purity of glucoerucin (obtained using PGMA-III) by 11.30%. Therefore,
PGMA and PGMA-III adsorbents could be used to decolorize and separate glucoerucin from other
impurities using serially connected glass columns.

3. Materials and Methods

3.1. Materials

Glycidyl methacrylete (GMA) was purchased from J & K Technology Co., Ltd. (Beijing, China).
Diethenyl benzene (DVB), ethylenediamine, diethylamine, triethylamine, HPLC-grade Methanol, and
HPLC-grade trifluoroacetic acid (TFA) were purchased from Nankai University Chemical Factory
(Tianjin, China). Other reagents were purchased from Beijing Chemical Factory (Beijing, China).
Glucoerucin standard was purified from rocket seeds [10]. Rocket seeds were purchased from Institute
of Vegetables and Flowers, China Academy of Agriculture Sciences (Beijing, China).

3.2. Preparation of Macroporous Crosslinked Copolymer and Its Amine Group-Modified Adsorbents

The method of oil-in-water thermal suspension polymerization was used to prepare the
macroporous crosslinked copolymer with the methods reported previously [28]. Initially, 90 mL of
deionized water was put into a 500 mL 3-mouth flask equipped with a mechanical stirrer, a thermometer,
and a reflux condensation. In addition, then 0.5 g gelatin and 5 g sodium chloride were added as
a dispersed phase into the 3-mouth flask under continuous agitation at 300 rpm for 0.5 h at 60 ◦C.
Then, 10 mL GMA, 4 mL DVB, 7.5 mL toluene, 7.5 mL n-heptane were blended with 0.16 g BPO as
a polymerization phase in a 100 mL beaker under ultrasound for 15 min at 60 ◦C. The polymerization
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phase was quickly added to the dispersed phase. The suspension was heated to 80 ◦C, 85 ◦C, 100 ◦C
for 1 h, 2 h, 2.5 h under continuous stirring. After the reaction, the beads were washed with deionized
water and ethanol. The product was dried in an under vacuum oven at 105 ◦C. The beads were used in
further reactions. The macroporous crosslinked copolymer was nominated as PGMA.

The prepared 30 mL of PGMA beads was put into a 500 mL 3-mouth flask, and an equal
volume of dioxane and deionized water was added to swell the beads. After that, 10 mL
0.1 mol/L of NaOH was added to the 500 mL 3-mouth flask, with a coupling agent of
90 mL ethylenediamine/diethylamine/triethylamine added into the above-mentioned system under
continuous agitation at 200 rpm for 12 h at the set temperature 90 ◦C/50 ◦C/90 ◦C. The obtained beads
were washed with hot water and reserved after being dried in an oven. The prepared anion-exchange
beads were named as PGMA-I (coupled with ethylenediamine), PGMA-II (coupled with diethylamine)
and PGMA-III (coupled with diethylamine).

3.3. Characterization of Prepared Adsorbents

The size distribution and the mean diameter (dm) of the PGMA beads were determined by a laser
particle size analyzer, Mastersizer 2000 (Malvern Instruments, Malvern, UK).

The main physicochemical properties of PGMA were measured as follows: water content (ω),
shrinkage (Sr), wet density (ρp), porosity (P), pore volume (V), specific surface area (S) and mean pore
diameter (D) of the matrices were measured with the methods reported previously [28].

The content of available epoxy groups in PGMA beads was determined using the
pyridine–HCl method. The contents of available amino groups in PGMA beads modified by
ethylenediamine/diethylamine/triethylamine were determined as follow: 0.2 g of the beads were
allowed soak into water (10 mL) for 24 h. Then, 10 mL 2.0 mol/L HCl was added to the mixture and
shaken for about 1.0 h. At the end of this period, the beads were filtered and assayed by titration with
2 mol/L NaOH solution [30].

FT-IR spectra of PGMA, PGMA-I, PGMA-II and PGMA-III beads were obtained by using a FT-IR
spectrophotometer, Nicolet170SX (Hitachi, Tokyo, Japan).

The morphology of the PGMA, PGMA-I, PGMA-II and PGMA-III were observed by a scanning
electron microscope (SEM), JEOL (Hitachi, Tokyo, Japan).

3.4. Preparation of Glucoerucin Crude Extracts

Rocket seeds were homogenized in a grinder. Then seed powder was put into boiled water and
stirred for half an hour in a 10-fold excess (w/v). Then the clarified extract solution was obtained and
centrifuged to remove solid residue. The glucoerucin extracts were subjected to quantitative analysis
by HPLC.

3.5. HPLC Analysis of Glucoerucin

Quantification of glucoerucin concentration was carried out by a Shimadzu HPLC apparatus
(Shimadzu, Kyoto, Japan), and a reversed-phase C18 column (250 mm × 4.6 mm, 5 mm, Dianmonsil™,
USA). The elution was made up of (A) methanol and (B) water with 0.1 % v/v TFA. The started elution
was 1% A with 99% B, then the methanol was raised to 70% with 20 min. The flow rate was 1.0 mL/min.
The column temperature and UV detector were set at 30 ◦C and 235 nm.

3.6. Static Adsorption and Desorption Experiments

The following equations were used to quantify the capacity of adsorption and
adsorption/desorption ratio.

Capacity of adsorption:

qe =
(C0 −Ce) ×V

m
(5)
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Adsorption ratio:

E =
(C0 −Ce)

C0
× 100% (6)

where qe (mg/g) represents the adsorption capacity; E represents the adsorption ratio (%); C0 and
Ce are the concentrations of glucoerucin in solution at the initial and equilibrium time, respectively
(mg/mL), V and m represents the volume of the sample solution (mL) and the mass of the matrix (g).

Desorption ratio:

D =
CdVd

(C0 −Ce) ×V
× 100% (7)

where D represents the desorption ratio (%), Cd represents the concentration of glucoerucin in the
eluent (mg/mL), Vd represents the volume of the eluent (mL), and C0, Ce and V are the same as
defined above.

The static adsorption tests of crude extracts were carried out as follows: 0.5 g test adsorbent was
put into a flask with a lid, 40 mL sample solution of glucoerucin extracts was added. The flask was
then shaken at 150 rpm for 12 h at a constant temperature of 30 ◦C. The solutions before and after
adsorption were analyzed by HPLC.

After the adsorption process reached equilibrium, the adsorbents were washed by deionized
water. Then desorbed using a desorption solution which was ammonia water solution or KCl solution
and shaking for 12 h at 30 ◦C.

The preliminary choice of adsorbent used to separate glucoerucin was evaluated by their capacities
of adsorption and their ratios of adsorption and desorption. The adsorption and desorption properties
were also compared, including the sample pH value and the concentration of ammonia water or KCl
used for desorption. The adsorption isotherms of glucoerucin were studied. Their Langmuir and
Freundlich equations were evaluated. In addition, adsorption kinetic curve was also evaluated by the
pseudo-first-order kinetic model and pseudo-second-order kinetic model.

3.7. Dynamic Adsorption and Desorption Experiments

The adsorbent made by wet-packing was used in dynamic adsorption and dynamic desorption
experiments. Glucoerucin solution was obtained through the column. After the adsorption process
reached equilibrium, the column was washed with deionized water. Then it was eluted with desorption
solvent. The effects of the concentration of feed and desorption solvent on the adsorption and
desorption were studied. In addition, the concentration of glucoerucin was monitored by HPLC.

3.8. Decolorization Experiments

One gram of the tested adsorbents was mixed with 40 mL of sample solution of glucoerucin
extracts and shake 4 h at 30 ◦C. The solutions were monitored by UV at 420 nm.

The following equation was used to quantify the ratio of decolorization.
Decolorization ratio:

F =
A0 −A

A0
× 100% (8)

where F is the decolorization ratio (%), A0 is the absorbance of crude extracts, and A is the absorbance
of crude extracts after decolorization.

The adsorbent, with the highest decolorization ratio towards pigments and the lowest adsorption
ratio to glucoerucin, would be selected out as the target adsorbent used to decolorize glucoerucin.
In addition, the decolorization of the selected adsorbent was also analyzed by IR.

3.9. Experiments with Two Serially Connected Column

A one step separation process was developed using two serially connected columns wet-packed
with selected adsorbents to decolorize and separate glucoerucin from crud extracts. Two columns were
serially connected. The first column, filled with the adsorbent, was used to decolorize the glucoerucin,
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and the second column, filled with another adsorbent, was used to separate and purify the glucoerucin.
According to the above-mentioned process of adsorption and desorption experiments, the purity
and the recovery of the product in different desorption solvents (ammonia water or KCl) used for
desorption were evaluated. The purification effect before and after decolorization treatment were
also studied.

3.10. Statistical Analysis

Data were expressed as mean ± SD of three duplicated experiments. Statistical analyses were
performed using Super ANOVA v.1.11 software.

4. Conclusions

A simple, low-cost, and efficient method for the purification of GLs from cruciferous plants
was described in our work. PGMA and amine-modified PGMA adsorbents (PGMA-I, PGMA-II and
PGMA-III) were prepared and evaluated by comparing their adsorption/desorption and decolorization
abilities for the purification of glucoerucin from crude extracts. According to the results, the strongly
basic triethylamine modified PGMA (PGMA-III) adsorbent showed the best adsorption and desorption
capacity of glucoerucin, and its adsorption data was a good fit to the Freundlich isotherm model and
pseudo-second-order kinetics; the PGMA adsorbent gave the optimum decolorization performance.
Furthermore, dynamic adsorption/desorption experiments were carried out to optimize the purification
process. Two glass columns were serially connected and respectively wet-packed with PGMA and
PGMA-III adsorbents so that glucoerucin could be decolorized and isolated from crude extracts in
one process. Ammonia water and KCl solution were both used as the desorption solvent to separate
glucoerucin. Compared with KCl solution, aqueous ammonia was a preferable desorption solvent for
the purification of glucoerucin and overcame the challenges of desalination efficiency, residual methanol
and high operation costs. The process of using serially connected glass columns, wet-packed with
PGMA and PGMA-III, may provide a simple, low-cost, and efficient method for the purification of
GLs from cruciferous plants.
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