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a b s t r a c t

Microcystins (MCs), a family of cyclic heptapeptide cyanotoxins, exists in aquatic environment where

cyanobacterial bloom happens, which will accumulate in aquatic organisms and transfer through the

food chain to higher trophic levels, posing a health risk to both animals and human bodies. Among var-

ious MCs, Microcystin-LR (MC-LR) is worthiest studied for its strong toxicity, ubiquity and widespread.

Here in this work, iminodiacetic acid (IDA) decorated magnetic mesoporous silica (mSiO2) nanocom-

posites (Fe3O4@mSiO2-IDA) were facilely synthesized which possessed the merits of large surface area

(188.21 m²/g), accessible porosity (2.66 nm), excellent hydrophilicity and rapid responsiveness to mag-

netic field. Then the composites were successfully employed to the removal process of Microcystin-LR in

real water samples followed by Matrix-assisted laser desorption/ionization time-of-flight mass spectrom-

etry (MALDI-TOF MS) analysis, achieving the removal efficiency above 92.5% even after ten recycles of

the composites. It provided a potential method for removing MC-LR in aqueous environment with high

effectiveness, lower costs and less secondary contamination.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cyanobacterial bloom is one of the most common phenomenon

of water pollution which occurs because of the mass propaga-

tion of Cyanobacteria and is influenced dominantly by tempera-

ture, light and nutrients in the aquatic environment [1]. The sig-

nificant production of secondary metabolites which are defined as

cyanotoxins is secreted by various blue-green algae. Those cyan-

otoxins can accumulate in aquatic organisms and transfer through

the food chain to higher trophic levels, posing a health risk to

both animals and human bodies [2,3]. Among all kinds of cyan-

otoxins, Microcystins (MCs) are frequently studied owing to their

high toxic [4] and diversity [5]. It has been reported that MCs

is a family of biologically active cyclic heptapeptide cyanotox-

ins consisting a general cyclo-(d-Ala1-X2-d-MeAsp3-Z4-Adda5-d-

Glu6-Mdha7) structure with more than 80 variants [6,7], in which

X and Z position is occupied by variable l-amino acids. The

microcystin-LR (MC-LR), with the l-leucine and l-arginine amino

acids substitute on X and Z respectively, has universally been used

as research subject for its strong toxicity, ubiquity and abundance
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[8,9]. Considering the risks brought to human health by MCs, the

World Health Organization (WHO) recommends a guideline that

the total concentration of MCs in drinking water should be con-

trolled below 1 μg/L [10]. Furthermore, the unique cyclic structure

and amino acids contribute to the good water solubility and heat

resistance, allowing them stably present in aquatic environment

with different pH values for several months and years [11]. There-

fore, removing MC-LR in an effective and rapid manner is essential

to protect the ecological environment.

To date, many methods from physical, biological and chemical

fields have been developed to remove MC-LR in water solutions.

However, owing to the high stability attributed to the chemical

structure of MC-LR, boiling and other conventional water treat-

ment process cannot remove MC-LR completely [12,13]. Moreover,

traditional treatments including membrane filtration, ultrasound,

chemical oxidation and biological enzymes have obvious draw-

backs such as high cost, low economic effect and secondary con-

tamination [14–18]. Nowadays, various adsorption treatment are

attractive alternatives to MC-LR removal and has received consid-

erable attention [19–22]. Ideal adsorption-based strategies such as

Magnetic solid-phase extraction (MSPE), Metal oxide affinity chro-

matography (MOAC) and Immobilized metal affinity chromatog-
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Scheme 1. (a) The synthetic route of Fe3O4@SiO2-IDA composites. (b) The workflow of the removal process.

raphy (IMAC) are more potential for MC-LR removal in practical

application in rapid separation and recycle from real lake envi-

ronment comparing with commonly used Capillary microextrac-

tion (CME) strategy [23], especially the utilization of magnetic

nanocomposites [24–31]. Comparing with commonly used porous

solid absorbent activated carbon [32,33], mesoporous magnetic

nanocomposites are pore-size controllable and easy to recycle from

solution. Recently, mesoporous carbon materials and carbon func-

tionalized mesoporous silica materials have been conclusively in-

vestigated. The unique structure of mesopores can provide large

surface area and abundant adsorption sites for MC-LR adsorption.

Various analysis techniques have been employed for detect-

ing the MC-LR in aqueous solution, including liquid chromatog-

raphy/mass spectrometry (LC/MS) [34], high-performance liquid

chromatography (HPLC) [35]. These frequently used analytical

methods have been comprehensively developed which are mature

technology. Nevertheless, LC/MS and HPLC take long time for anal-

ysis. Matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry (MALDI-TOF MS), as a quick and rapid responsive

technique, possessing the ability to identify individual toxin sub-

stances, has been successfully applied in the analysis of MCs [36].

Hence, it is feasible to combine removal process with MALDI-TOF

MS analysis to design a simple and efficient method for removing

MC-LR in water samples.

In this work, hydrophilic magnetic mesoporous silica mate-

rials defined as Fe3O4@mSiO2-IDA was designed and synthe-

sized, constructing by magnetic Fe3O4 core and evenly meso-

porous SiO2 channels shell (mSiO2) with iminodiacetic acid (IDA)

grafted. The Fe3O4@mSiO2-IDA composites were characterized to

measure the mesoporous structure as well as confirm the suc-

cessful immobilization of IDA by using silane coupling agent (3-

glycidoxypropyldimethoxymethylsilane, GLYMO). Except for com-

bining the merits of magnetic nanocomposites and mesoporous sil-

ica materials, it also possessed greater hydrophilicity which en-

hanced by zwitterionic group imported from IDA [37]. Accord-

ing to previous study, MC-LR, as a special type of N-linked pep-

tide, can strongly interact with hydrophilic groups provided by

IDA. Meanwhile, suitable mesopore diameters provided by meso-

porous silica are beneficial to MC-LR adsorption via pore diffusion

[38]. Thus, Fe3O4@mSiO2-IDA composites were adopted to the re-

moval of Microcystin-LR in aqueous solution for the first time and

achieved great results. MALDI-TOF MS analysis technique was in-

troduced to directly detect the relative concentration of MC-LR in

water sample rapidly and sensitively. The removal condition was

explored, and the adsorption characteristics of nanomaterials had

been investigated. Finally, the developed removal process was ap-

plied in real lake water sample collected from Poyang Lake, sug-

gesting that Fe3O4@mSiO2-IDA composites have significant poten-

tial of removal treatment in MC-LR contaminated water.

The synthetic route of Fe3O4@SiO2-IDA composites is presented

in Scheme 1a. Firstly, GLYMO-IDA solution was prepared by react-

ing silane coupling reagent (GLYMO) with IDA under 65 °C wa-

ter bath for 4 h. Secondly, the Fe3O4 nanoparticles were synthe-

sized through a hydrothermal reaction. Next, tetraethyl orthosil-

icate (TEOS) was employed as a source of silica to coat a layer

of mesoporous silica onto the surface of Fe3O4 with the assis-

tant of structure-directing agent (cetyltrimethylammonium bro-

mide, CTAB). Finally, the Fe3O4@mSiO2-IDA was obtained by graft-

ing prepared GLYMO-IDA solution into the formed mesoporous

channels.

The Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA composites were

characterized by transmission electron microscope (TEM) to eval-

uate the mesoporous and core-shell structures of the as pre-

pared materials and the morphology of them was investigated by

field emission scanning electron microscope (FESEM). As shown

in Fig. 1, both Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA possess a

homogeneous spherical morphology with clear mesoporous sil-

ica cladding layer, while Fe3O4@mSiO2-IDA has a rougher surface.

Comparing with Fe3O4@mSiO2 composites with a 39 nm thick

thickness mesoporous silica layer, it can be clearly observed that

Fe3O4@mSiO2-IDA maintains a sequentially arranged mesoporous

structure and the average thickness of coating layer has increased

to 44 nm after decorated by GLYMO-IDA solution. The dynamic

light scattering (DLS) characterization (Figs. S1b and c in Sup-

porting information) confirms the increasement of particle size as

well. In addition, the TEM images display well-separated Fe3O4

nanoparticles which could be attributed to the coating of meso-

porous silica, indicating the great prevention of spontaneous ag-

gregation of magnetic particles. The results of element mapping

of Fe3O4@mSiO2-IDA in Fig. 1e manifests the existence of Fe, Si,

O, C and N, illustrating the existence of IDA groups. The porosity

characteristics of Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA composites

were measured by nitrogen adsorption-desorption isotherms at 77

K. Fig. 1f and Fig. S1a (Supporting information) both exhibited a

typical IV isotherm with a small hysteresis loop which represents

the mesoporous property of Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA

composites, respectively. The BET surface area and pore volume of

Fe3O4@mSiO2-IDA composites were calculated to be 188.21 m²/g
and 0.151 cm3/g, respectively. The considerably large surface area

provided by Fe3O4@mSiO2-IDA composites create an ideal adsorp-

tion condition. By Barret-Joyner-Halenda (BJH) method, the pore

size distribution map (inset in Fig. 1f and Fig. S1 in Supporting in-

formation) was obtained with the results which shows the pore

width of Fe3O4@mSiO2-IDA was 2.66 nm, while the pore width
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Fig. 1. FESEM images of Fe3O4@mSiO2 (a) and Fe3O4@mSiO2-IDA (c). TEM images of Fe3O4@mSiO2 (b) and Fe3O4@mSiO2-IDA (d). (e) Element mapping of Fe3O4@mSiO2-IDA.

(f) The nitrogen adsorption-desorption isotherms of Fe3O4@mSiO2-IDA composites. (g) FT-IR spectra of Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA.

of Fe3O4@mSiO2 was 3.10 nm. The reported universal diameter of

MC-LR is smaller than 2 nm [39], which means the Fe3O4@mSiO2-

IDA has a more suitable mesoporous channels for MC-LR to get

access.

To verify the successful modification of IDA, FT-IR spectroscopy

was portrayed for Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA (Fig. 1g),

in which both curves own the band at 796-804 cm−1 is attribute

to the symmetric vibration of Si-O-Si, and the adsorption peaks at

1085-1089 cm−1 is assigned to the asymmetric stretching vibra-

tion of Si-O-Si. This illustrated the silica has successfully coated

on the surface of Fe3O4 nanoparticles [40]. The emerging adsorp-

tion peak at 2880 cm−1 which can be ascribed to the CH2 stretch-

ing vibration appeared after the decoration of GLYMO-IDA solu-

tion. Moreover, the presence of the adsorption band at 1390 cm−1

is considered to be CH2-N units [41]. Moreover, the EDX element

analysis (Fig. S2 in Supporting information) revealed the carbon

and nitrogen content on the surface of Fe3O4@mSiO2-IDA drasti-

cally increased. Comparing Fe3O4@mSiO2 with the iron and silica

content has decreased. Additionally, the zeta potential of Fe3O4,

Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA are 21.9, −19.8, and −36.8

mV, respectively (Fig. S3a in Supporting information). It can be

obviously observed that the zeta potential turns to negative from

positive after coating mesoporous silica and showing a more nega-

tive potential after the modification of GLYMO-IDA. All these above

results confirm the existence of IDA on Fe3O4@mSiO2 surface and

the successful synthesis of Fe3O4@mSiO2-IDA composites.

The magnetic properties of Fe3O4@mSiO2-IDA were displayed

in Fig. S3b (Supporting information), which demonstrates excellent

magnetism. The hydrophilicity of Fe3O4@mSiO2 and Fe3O4@mSiO2-

IDA were determined by water contact angle analysis. The wa-

ter contact angles of Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA were

26.33° and 20.55°, respectively (Fig. S3c in Supporting informa-

tion). The results indicated both two composites have an excellent

hydrophilicity, but Fe3O4@mSiO2-IDA was much more hydrophilic

than the former. Furthermore, the Fe3O4@mSiO2-IDA composites

were well dispersed in water and can easily aggregate with the

presence of extra magnet within 60 s (Fig. S3b), meeting the de-

mand of rapid removal and simple recycling. The results found that

mesoporous silica wrapping and IDA decoration on the Fe3O4 play

a crucial role in hydrophilicity and dispersibility, which is benefi-

cial to MC-LR adsorption in water.

Fe3O4@mSiO2-IDA composites possess high surface area, am-

ple adsorption positions, excellent hydrophilicity and magnetism,

making it an ideal removal material to remove poisonous MC-

LR quickly and environmentally friendly. Scheme 1b illustrates the

workflow of the removal process. Firstly, 150 μg materials were

directly added into 100 μL 10 μg/L MC-LR standard aqueous so-

lution and incubated at 37 °C for 20 min. The incubation pro-

cess allows materials adequately contact with MC-LR and cap-

ture them into its mesoporous structure. Next, an extra mag-

net was introduced to separate materials from solution. Then

the supernatant was collected for MALDI-TOF MS analysis. The

mass spectra of standard 10 μg/L MC-LR aqueous solution and

the collected supernatant removed by Fe3O4@mSiO2-IDA were dis-

played in Fig. 2a. The intensity of MC-LR before and after the re-

moval process were 1802 a.u. and 125 a.u., resulting a removal

efficiency of 93.3%. Comparing with the removal efficiency at-

tained by adopting Fe3O4@mSiO2, Fe3O4@mSiO2-IDA achieved a

higher removal effect because the modification by GLYMO-IDA

improves the hydrophilicity of Fe3O4@mSiO2 (Fig. 2b). These re-
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Fig. 2. (a) The mass spectra of 10 μg/L MC-LR aqueous solution before and after the removal process by using Fe3O4@mSiO2-IDA composites. (b) Comparison of removal

efficiency by using Fe3O4@mSiO2 and Fe3O4@mSiO2-IDA in 10 μg/L MC-LR standard aqueous solution. (c) Regeneration study of Fe3O4@mSiO2-IDA composites by using 50%

ACN/0.1% TFA for continuous cycles.

sults show that the significant effectivity and prominent removal

performance of Fe3O4@mSiO2-IDA in removing MC-LR in aquatic

environment.

In order to gain the best removal efficiency, the optimal re-

moval conditions were evaluated from different amounts of re-

moval materials, removal time and temperature on the removal

process. In this section, 100 μL 10 μg/L MC-LR standard aqueous

solution was selected to simulate the real water environment.

25-300 μg Fe3O4@mSiO2-IDA were designed to investigate the

optimal amount of removal materials. From Fig. S4a (Supporting

information), the removal efficiency drastically increased when the

amount of removal materials increasing from 0 to 100 μg and then

reached equilibrium at 150 μg. Thus, 150 μg Fe3O4@mSiO2-IDA was

adopted in later study. It also noted that Fe3O4@mSiO2-IDA pos-

sess sufficient adsorption sites and strong interaction with MC-LR,

which allows high removal efficient can be achieved by using a

small quantity of removal materials.

The removal time is considered to be an important indica-

tor to examine the removal efficiency. Therefore, the study was

conducted by incubating Fe3O4@mSiO2-IDA with MC-LR standard

aqueous solution within 0-40 min. Fig. S4b (Supporting informa-

tion) clearly shows the removal efficiency reached maximum at

about 30 min, which can attribute to the excellent dispersion of

Fe3O4@mSiO2-IDA in water and the strong interaction between re-

moval materials and MC-LR. Therefore, the Fe3O4@mSiO2-IDA can

rapidly remove MC-LR in 30 min.

It is indispensable to employ above removal process under

different temperatures. Thus, the influence brought by tempera-

ture was studied at 15 °C, 25 °C and 37 °C, respectively. The re-

sults showed that the removal efficiency remained essentially con-

stant at different temperatures (Fig. S4c in Supporting informa-

tion), which demonstrate the excellent potential of Fe3O4@mSiO2-

IDA to remove MC-LR in different external environment.

The adsorption performance of Fe3O4@mSiO2-IDA nanocompos-

ites under pH 2-9 was investigated. As shown in Fig. S5a (Sup-

porting information), the removal efficiency reached at an optimal

value of 95% at pH 3, 4, and 5, while the removal performance

decreased at pH 2 and higher pH. However, throughout the exper-

iment results, the removal efficiency was not dramatically affected

with pH varied, suggesting that Fe3O4@mSiO2-IDA has significant

potential in removing MC-LR from sophisticated aquatic environ-

ment with different pH.

Moreover, the zeta potential of Fe3O4@mSiO2-IDA after ad-

sorbed with MC-LR was obviously different from the unabsorbed

one (Fig. S5b in Supporting information), suggesting the existence

of electrostatic interaction between Fe3O4@mSiO2-IDA and MC-LR.

Next, the pHPZC of Fe3O4@mSiO2-IDA was experimentally derived

to be 5.06 (Fig. S5c in Supporting information), indicating that

Fe3O4@mSiO2-IDA owned positive charges when the solution pH

was below 5.06, otherwise it was negative. According to previous

work, MC-LR molecule which possessed one -NH2 and two -COOH

groups, charged differently when pH values varied, such as MC-

LR+ (pH < 2.09), MC-LR0 (2.09 < pH < 2.19), MC-LR− (2.19 < pH

< 12.48) [42]. The results indicated that Fe3O4@mSiO2-IDA carried

negative charges had stronger electrostatic interaction with MC-

LR+ at lower pH, contributing the higher removal efficiency at pH

3, 4 and 5. Under the condition of pH 2, the proportion of MC-

LR+ decreased which triggered the increase of electrostatic repul-

sion between Fe3O4@mSiO2-IDA and MC-LR, leading to the lower

removal efficiency. Furthermore, the hydrophobic interaction could

occur between the Fe3O4@mSiO2-IDA and MC-LR owing to the hy-

drophobic Adda and Leu residues resided on MC-LR [38].

To further know about the mechanism of interactions between

Fe3O4@mSiO2-IDA and MC-LR, the adsorption kinetics examina-

tion was conducted under the optimal conditions in which 150 μg

Fe3O4@mSiO2-IDA were introduced in 100 μL 10 μg/L MC-LR stan-

dard aqueous solution at 37 °C. As shown in Fig. S6 (Supporting

information), the adsorption capacities increase rapidly in the ini-

tial 0.2 h due to the high MC-LR concentration and adequate ad-

sorption sites on the Fe3O4@mSiO2-IDA composites. Then the ad-

sorption rate slows down with the increasing of the time at the

0.2-0.4 h. Ultimately, the adsorption plateaued in the 0.5 h. The

Pseudo-first order (PFO), and Pseudo-second order (PSO) adsorp-

tion kinetics models were applied to fit the adsorption equilib-

rium experiment data. It can be seen that the PSO model was bet-

ter fitted to the kinetic results with higher correlation coefficient

(R2 =0.96), suggesting the chemical interaction was dominant be-

tween removal materials and MC-LR.
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Fig. 3. (a) Removal of MC-LR (1, 5 and 10 μg/L) in #1 real lake water sample collected from Poyang Lake by Fe3O4@mSiO2-IDA composites. (b) Mass spectra of MC-LR (1

μg/L) in #1 real lake water sample before and after removal process. (c) The removal efficiency of 1 μg/L MC-LR in real lake water sample collected from different latitudes

and longitudes of Poyang Lake.

Economic factors are also important evaluation criteria for the

removal process which is mainly determined by the regeneration

efficiency of removal materials. Different from magnetic nanomate-

rials chelated with metal ions which is difficult to desorb captured

MC-LR [43], Fe3O4@mSiO2-IDA can be easily recycled by commonly

used eluent. Referred to previous studies, three different eluents

(50% ACN/0.1% TFA, 25 mmol/L ammonium bicarbonate solution

and 0.4 mol/L ammonium hydroxide) were employed to test the

regeneration efficiency for MC-LR. All the removal process was

conducted under the same conditions and the Fe3O4@mSiO2-IDA

with MC-LR fully absorbed were collected. Then, 10 μL different

eluents were added to thoroughly wash off the MC-LR about 30

min and then delivered to MALDI-TOF MS. The mass spectra sug-

gested that 50% ACN/0.1% TFA was the most ideal eluent with high-

est intensity of MC-LR peak (Fig. S7 in Supporting information).

Therefore, 50% ACN/0.1% TFA was employed in the following ex-

periment. In addition, the results demonstrated the existence of

hydrogen bond between MC-LR and Fe3O4@mSiO2-IDA according

to previous study [44]. The hydrogen bond was formed between -

NH2 and -COOH groups of MC-LR and oxygenic functional groups

of Fe3O4@mSiO2-IDA.

The optimal elution time was investigated with the vibration

time range of 2-40 min and the results displayed that the MC-LR

was completely washed off after 30 min (Fig. S8 in Supporting in-

formation). Furthermore, the removal efficiency maintained above

92.5% during 10 cycles of removal-elution process (Fig. 2c), sup-

porting 50% ACN/0.1% TFA could serve as an ideal eluent which

has achieved an excellent regeneration efficiency and indicating

Fe3O4@mSiO2-IDA is an economic, environmentally friendly, stable

and easily recycled removal material.

In order to determine the selectivity of the proposed removal

process, the selectivity experiment was conducted by investigat-

ing the removal performance of Fe3O4@mSiO2-IDA nanocompos-

ites among various interferents and MC-LR. As shown in Fig. S9

(Supporting information), seven small-molecule dyes with simi-

lar molecular weight and size (Table S2 in Supporting informa-

tion) to MC-LR were employed with removal efficiency all lower

than 20%, illustrating the remarkable selectivity of MC-LR by us-

ing the Fe3O4@mSiO2-IDA nanocomposites as absorbent. The excel-

lent selectivity can be contributed to the richer -NH2 and -COOH

groups provided by MC-LR to interact with IDA and the electro-

static interaction, hydrogen bond and hydrophobic interaction be-

tween Fe3O4@mSiO2-IDA and MC-LR.

The concentration of MC-LR when algal bloom occurs can reach

up to 50 μg/L [45]. However, according to the guideline from WHO,

human health would under risks when the concentration of MC-

LR in aqueous water environment is higher than 1 μg/L. There-

fore, in this research, environmentally relevant concentrations (1,

5, and 10 μg/L) of MC-LR were employed to simulate the real algal

bloom environment by adding MC-LR standards into real lake sam-

ple (Sample #1 in Table S3 in Supporting information) collected

from Poyang Lake. After removal by Fe3O4@mSiO2-IDA, the final

concentrations of MC-LR were all meet the WHO criteria (Fig. 3a),

with mass spectra of MC-LR before and after removal process in

Fig. 3b and Fig. S10 (Supporting information).

Referring to previous report, the contamination and water qual-

ity varied according to geographic location [46]. Thus, for a com-

prehensive analysis, water samples were collected from different

latitudes and longitudes of Poyang Lake (Table S2) to simulate the

process of MC-LR removal. As shown in Fig. 3c, the removal effi-

ciency of 1 μg/L MC-LR in real lake water sample stayed above 64%,

and the final concentration of MC-LR were all lower than 1 μg/L,

suggesting that Fe3O4@mSiO2-IDA can be universally adopted for

the removal of MC-LR from different real water samples. Further-

more, the proposed removal process was in comparison with pre-

vious works to investigate the potential practicability in real lake

aquatic environment (Table 1) [33,44,47-50]. Comparing with other

magnetic nanoparticles, the developed removal process showed re-

markable advantages in BET surface area and less pretreatment

time. Although Zeng’s work achieved greater BET surface area, the

pretreatment time is long [33]. Moreover, better than cyclodextrin-

modified magnetic nanoparticles G-Fe2O3-CD which cyclodextrins

detachment occurs during regeneration steps [47], Fe3O4@mSiO2-

IDA shows the excellent recovery rate with stable zwitterionic

group decoration provided by GLYMO-IDA and less removal time.

In this work, the Fe3O4@SiO2-IDA composites which have large

surface area (188.21 m²/g), accessible porosity (2.66 nm), excel-

lent hydrophilicity and rapid responsiveness to magnetic field were

5
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Table 1

Comparison of the proposed method with previous methods.

Absorbent BET surface area (m²/g) Pretreatment time Technique Recycle times Ref.

Fe3O4@PDA@γ -CDP 56.1 37 min HPLC-MS/MS 3 [48]

Fe3O4@SiO2@P-CDP 50.1 97 min HPLC-MS/MS 5 [44]

IL@MG 123.64 20 min UPLC-MS/MS 3 [49]

CPC@SiO2@Fe3O4 – 40 min HPLC-UV 3 [50]

Fe3O4@mSiO2-IDA 188.21 30 min MALDI-TOF MS 10 This work

FA-BCs 835.10 2 d HPLC-C18 column 4 [33]

G-Fe2O3-CD 400 2 h HPLC-UV <4 [47]

successfully applied in MC-LR removing in aqueous environment

with high efficiency and environmental-friendly. The utilization

of small amount of Fe3O4@SiO2-IDA composites achieved the re-

moval efficiency above 93.3% and the treated aqueous solution

of MC-LR meets the guideline set by WHO (containing MC-LR

lower than 1 μg/L). The kinetics study indicated that the MC-LR

absorption on the mesoporous structure of Fe3O4@SiO2-IDA oc-

curred by chemical interaction. For economics concerned, regener-

ation study provided a surprising result with high regeneration ef-

ficiency, which achieved the removal efficiency stayed above 92.5%

after ten removal-elution cycles. Finally, the designed removal pro-

cess had successfully employed in real lake water environment,

suggesting the Fe3O4@SiO2-IDA composites have significant po-

tential for removing lake water polluted by MC-LR or other hy-

drophilic contaminants.
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