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1  Introduction

Over the past few years, many pharmaceuticals have been 
released into the ecosystem through distinguished mecha-
nisms. The emergence of new diseases and the need to miti-
gate global health challenges faced by humans and animals 
have led to increased production of new pharmaceuticals 
[1, 2]. β-blockers are a class of pharmaceuticals frequently 
detected in the environment at concentrations ranging 
from ng L− 1 to µg L− 1. Intact or metabolised β-blockers 
escape through wastewater treatment plants (WWTPs) due 
to their high solubility in water, found in sewage effluents 
and surface and ground waters [3]. The ubiquitousness 
of β-blockers in the environment is associated with their 
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Abstract
Emerging organic pollutants s have always been the greatest environmental concern due to their ubiquity and distinguished 
adverse effects. These are mostly water-bone pollutants flagged as endocrine disruptors and can greatly inconvenience the 
ecosystem. Among others, β-blockers have also been detected in the environment at various concentrations that threaten 
the well-being of humans and animals. In this work, NH2-MIL-101(Cr) doped magnetic nanoparticles nanocomposite 
was successfully synthesised and characterised using analytical techniques such as X-ray diffraction spectroscopy (XRD), 
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET) and 
transmission electron microscopy (TEM). The Fe3O4@NH2-MIL-101(Cr) was then used as an adsorbent to extract the 
selected β-blockers in the environmental wastewater. The selected β-blockers were quantified using a high-performance 
liquid chromatography-diode array detector (HPLC-DAD). Parameters affecting the extraction were screened and opti-
mised using fractional factorial design (FFD) and central composite design (CCD), respectively. Under optimum condi-
tions, the LODs were 0.057 and 0.065 µg L− 1, and LOQs were 0.19 and 0.22 µg L− 1 for acebutolol (ACE) and metoprolol 
(MET), respectively. The calibration curve exhibited the linearity range of 0.2–1200 µg L− 1 with correlation coefficients 
of 0.9987 and 0.9968 for ACE and MET, respectively. Repeatability studies demonstrated the %RSD of 0.63 and 0.74% 
for MET and ACE. At the same time, reproducibility studies displayed the %RSD of 1.057 and 1.178% for MET and 
ACE, respectively. Spike recovery experiments were carried out to assess the performance of MSPE in real samples, and 
over 88% of both analytes were recovered. This indicated that the MSPE method could enrich various organic pollutants 
from different environmental matrices.
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extremely adverse effects on aquatic and terrestrial organ-
isms, including humans. These negative effects include 
reduced testosterone levels, disruption of the endocrine sys-
tem, and sexual dysfunction. The health impacts result from 
the continuous consumption of β-blockers with amounts 
exceeding maximum allowable daily limits of µg-ng/dm3 
[4–8]. Therefore, a great scope of research is to devise effec-
tive methods for eliminating these recalcitrant pollutants. 
Removal methods including adsorption, photodegradation, 
membrane filtration amomg others have been greatly con-
sidered for the elimination of these recalcitrant β-blockers 
[9–11]. However, these compounds exist at the lowest con-
centrations due to their extreme dilution when they enter the 
environmental water systems, making it impracticable for 
their analytical detection even when using advanced sensi-
tive analytical techniques [12, 13]. Therefore, the precon-
centration step is necessary.

Various sample preparation methods have been adopted 
to preconcentrate numerous environmental pollutants. 
Among others, solid-phase extraction (SPE) and liquid-liq-
uid extraction (LLE) have been widely used as traditional 
sample preparation methods [14, 15]. However, these meth-
ods are time-consuming, laborious, costly and environmen-
tally unfriendly. Additionally, LLE uses large volumes of 
harmful organic solvents [16, 17]. Therefore, the attention 
has been shifted to using miniaturised sample preparation 
methods such as liquid-phase microextraction (LPME) [18], 
solid-phase microextraction (SPME) [19], dispersive liquid-
phase microextraction (d-LPME) [20] and dispersive solid 
phase microextraction (d-SPME) [21], among others. These 
methods can preconcentrate the analytes of interest and ulti-
mately clean up the matrix with enhanced efficacy [22, 23].

β-blockers can be quantified by a wide range of analyti-
cal techniques, including high pressure liquid chromatog-
raphy coupled to various detectors (HPLC) [19, 24], gas 
chromatography-mass spectrometry (GC-MS) [25], micel-
lar electrokinetic chromatography (MEKC) [26], electro-
chemical detection [27] and capillary zone electrophoresis 
(CZE) [28]. Among these techniques, HPLC is currently 
considered for the quantification of the majority of polar 
non-volatile organic pollutants owing to its greater sensitiv-
ity, selectivity and separation efficiency [29].

This work used magnetic solid phase extraction (MSPE) 
as a sample preparation method for the preconcentration of 
the selected β-blockers. The choice of this method is associ-
ated with intriguing features, including the use of a small 
mass of adsorbents (MA), small non-toxic organic solvent 
volumes, reduced extraction times, easy adsorbent recovery 
and cost-effective operation [30]. The chosen preconcentra-
tion method requires the incorporation of a suitable adsorbent 
to enhance the selectivity of target analytes and subse-
quently improve the extraction performance. Metal-organic 

frameworks (MOFs) have been successfully used in various 
applications, including gas storage, catalysis, gas sensors 
and adsorption [29]. MOFs are porous crystalline materials 
of metal ions or clusters coordinated to organic ligands. The 
key features of MOFs include large specific surface area, 
physical stability, large pore volumes and tunable structural 
moieties that encourage interactions with target analytes 
[31]. Recently, MOFs prevailed as promising candidates as 
adsorbents in environmental wastewater remediation owing 
to their fascinating features stated above [32]. Amino-based 
MIL-101(Cr) (NH2-MIL-101(Cr)) has been largely used as 
an adsorbent for the adsorption of various pollutants but 
was never used before as a solid-phase for the extraction 
and preconcentration of the selected β-blockers (acebuto-
lol (ACE) and metoprolol (MET)). The motivation behind 
the choice of these two β-blockers includes: (i) metoprolol 
is regarded as the most used antihypersensitive drug and it 
more likely to be found in the environment at concentrations 
posing serious health concenrs, (ii) acebutolol is used mostly 
on people having asthmatic attacks or with obstrustive pul-
monary disease and therefore, its environmental ubiquity 
is inevitable [33]. Hence, the current work exploited the 
fascinating features of NH2-MIL-101(Cr) to be used as an 
adsorbent to extract and preconcentrate ACE and MET from 
environmental water samples. The main beneficial feature 
about the use of NH2-MIL-101(Cr) is that, Cr(III) is consid-
ered as an environmentally beneficial micronutrient which 
is essential for organisms.

Furthermore, Cr(III) can form complexes or adsorb onto 
organic and inorganic substances under neutral and basic 
conditions [32]. However, recovering NH2-MIL-101(Cr) 
from aqueous solutions after the extraction process is 
tedious and time-consuming; thus, magnetic nanoparticles 
(Fe3O4) were incorporated to facilitate the sorbent recovery 
using an external magnet. Furthermore, Fe3O4 nanoparticles 
contribute to some additional active adsorption sites, which 
ultimately improved the performance of the method [32].

Herein, we report the development of the MSPE method 
coupled with HPLC for the extraction and preconcentration 
of the selected β-blockers using Fe3O4@NH2-MIL-101(Cr) 
nanocomposite as a solid support. Fe3O4@NH2-MIL-101(Cr) 
was synthesised based on the in-situ chemical co-precipita-
tion method proposed by [34]. A series of characterisation 
techniques were employed to confirm the synthesised mate-
rials. Various factors affecting the method, such as extrac-
tion time (ET), mass of adsorbent (MA), desorption time 
(DT), eluent volume (EV) and sample pH, were also inves-
tigated. This work provided advanced insights into MOFs 
as adsorbents for sample pretreatment methods and further 
demonstrated the promising applicability of MOFs as effi-
cient adsorbents.
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2  Experimental

2.1  Materials

Sodium hydroxide, hydrochloric acid (37%), iron (II) chlo-
ride tetrahydrate, iron (III) chloride hexahydrate, chromium 
(III) nitrate nonahydrate, 2-aminoterephthalic acid, acetone, 
acetonitrile (HPLC grade), ethanol, dimethylformamide 
(DMF), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 
hydrogen peroxide and ammonium solution (25%), were 
purchased from Sigma Aldrich (St. Louis, MO, USA). 
Metoprolol (MET) and Acebutolol (ACE) analytical stan-
dards were also purchased from Sigma Aldrich. A 200 mg/L 
stock solution of MET and ACE was prepared in methanol 
and kept in the refrigerator at 4 °C. Working solutions were 
prepared by diluting the stock solution with ultrapure water 
obtained from Direct-Q® 3UV-R purifier system (Millipore, 
Merk, Germany) and ultrapure water was in all experiments.

2.2  Synthesis of Fe3O4 Nanoparticles and 
NH2-MIL-101(Cr)

Synthesis of Fe3O4 followed the co-precipitation pro-
cedure reported in the literature [14]. The synthesis of 
NH2-MIL-101(Cr) was according to method reported else-
where [35]. In a typical hydrothermal procedure, 3.2 g chro-
mium nitrate nonahydrate and 1.44 g 2-aminoterephthalic 
acid were added into 60 mL solution containing 0.8  g 
sodium hydroxide. The mixture was then stirred for 30 min 
at room temperature to form a homogeneous solution and 
transferred into a 100 mL Teflon-lined stainless steel auto-
clave. The autoclave was heated at 150 °C for 12 h. After 
cooling to room temperature for over 6 h, the suspension 
was separated via centrifugation and repeatedly washed 
with DMF, Ethanol and ultrapure water. The resulting prod-
uct was dried at 100 °C overnight.

2.3  Synthesis of Fe3O4@NH2-MIL-101(Cr)

Fe3O4@NH2-MIL-101(Cr) was synthesised using the chem-
ical co-precipitation method reported in the literature [34]. 
Briefly, 1 g of NH2-MIL-101(Cr) was added into 150 mL 
ultrapure water containing 3.02 g Fe (III) and 2.01 g Fe(II). 
Subsequently, 15 mL of ammonium solution was added to 
the solution while stirring for 30 min at room temperature to 
form a black suspension. The precipitates were collected by 
magnetic decantation and repeatedly washed with acetone 
and ultrapure water. The product was then dried at 60  °C 
for further use.

2.4  Instrumentation

The synthesised materials were characterised using the 
following analytical techniques: Infrared spectra were 
recorded on Perkin Elmer Spectrum 100 Fourier Transform 
infrared spectrophotometer (Waltham, MA, USA) using 
the KBr pellet technique. Surface area and pore size dis-
tribution of the materials were obtained using Brunauer-
Emmet-Teller by nitrogen adsorption-desorption technique 
in a Micrometric ASAP 2020, and all the gases utilised for 
analytical procedures were instrument grade. Crystallinity 
and X-ray diffraction patterns were determined by Pow-
dered X-ray diffraction (X’Pert Phillips) with CuKα radia-
tion at 0.1540 nm. The internal morphology was observed 
using transmission electron microscopy (TEM, JEM-200X, 
JEOL, Japan). The point of zero charge of the material was 
obtained using the pH drift method.

Chromatographic analysis was conducted on an Agi-
lent 1200 Infinity series coupled to a diode array detector 
(Agilent Technologies, Waldbronm, Germany). An Agi-
lent Zorbax Eclipse Plus C18 column (3.5 μm x 150 mm 
x 4.6 mm) (Agilent, Newport, CA, USA) was operated at 
a column temperature of 25 °C. The isocratic elution mode 
was used with a mobile phase composition of 80:20 v/v 
10mM H3PO4 to acetonitrile. A flow rate of 0.800 mL/min 
was used throughout the analysis, and a run time of 7 min 
for each sample was selected for the method. The chromato-
grams were recorded at 220 nm for both analytes.

2.5  Adsorption Isotherms and Capacity

The adsorption capacity of the nanocomposite for both ACE 
and MET was obtained by conducting adsorption isotherms 
studies. The adsorption isotherms studies were conducted 
to get insight into the surface chemistry of the adsorbent 
and the adsorption behaviour. In a typical procedure, 60 mg 
of Fe3O4@NH2-MIL-101(Cr) was placed in 300 ml Erlen-
meyer flasks containing 250 samples with varying con-
centrations (2–8 mg L1). The samples were then sonicated 
for 30  min at ambient temperature. The solution pH was 
maintained at 9. The resulting supernatants were then mag-
netically separated and filtered into the HPLC vials. The 
formula below was used to calculate the adsorption capacity 
((Qe (mg g1)).

Qe =
(C0 − Ce)V

W
� (1)

Where C0 (mg L1) and Ce (mg L1) represent the initial and 
final concentrations; Qe (mg g1) represent adsorption capac-
ity, V (mL) represents the sample volume, and W (mg) rep-
resents the mass of adsorbent. The adsorption mechanism 
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volume of the 300 µg L1 ACE and MET. The extraction of the 
analytes from the aqueous solution onto the adsorbent was 
executed by ultrasonication for about 5–20 min. Then the 
resulting supernatant was magnetically decanted, and about 
100–1000 µL of the eluting solvent (acetonitrile) was added 
onto the supernatant-free adsorbent containing analytes. 
The mixture was then ultrasonicated for about 5–15 min for 
desorption of the analytes into the eluent solvent. The aque-
ous solution was magnetically separated from the adsorbent 
and filtered through 0.22 μm syringe filters into amber vials, 
and the analytes were subsequently quantified using HPLC-
DAD. The predetermined influential factors affecting the 
preconcentration method were screened and optimised 
using fractional factorial design (FFD) and central compos-
ite design (CCD), respectively. Table 1 shows factors along 
with their levels used in FFD.

2.8  Reusability Studies

Adsorption-desorption experiments were conducted 
to evaluate the regenerability and reusability of 
Fe3O4@NH2-MIL-101(Cr) nanocomposite. The extraction 
and preconcentration procedures were performed using 
optimised parameters viz.; 70.1 mg, 10 min, 5 min, 1000 
µL and 10.21 for MA, ET, DT, EV and pH, respectively. In 
a typical procedure, the spent adsorbent was treated with 

was further understood by correlating the experimental data 
to different models such as Langmuir, Freundlich, Dubunin-
Radushkevich (D-R), and Sips [36].

2.6  Sample Collection

Wastewater samples used in this work were collected from 
Daspoort wastewater treatment plant (WWTP) and Pienaars 
river water situated at Pretoria, Gauteng Province, South 
Africa. This treatment plant uses the activated sludge sys-
tem to treat the domestic and industrial wastewaters which 
are 95% and 5% of treated materials, respectively. The col-
lected influent, effluent and river water samples were then 
collected into the amber bottles and stored in the fridge at 
4 °C. Before every analysis, the samples were filtered off the 
large particulates using 0.45 μm syringe filters.

2.7  Magnetic Solid-Phase Extraction Procedure 
(MSPE)

The preparation of the β-blockers model solution of 300 µg 
L1 was carried out by diluting a stock solution of 10 mg L1. 
The extraction and preconcentration procedure was carried 
out as illustrated on the schematic diagram in Fig. 1. Firstly, 
an amount (10–60 mg) of Fe3O4@NH2-MIL-101(Cr) adsor-
bent was placed into the amber bottle containing a certain 

Fig. 1  Summary of the MSPE procedure and adsorbent reusability
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%ME =
Slope of the matrix− slope of the solvent

slope of the solvent
× 100� (2)

2.10  Application of the Preconcentration Method to 
Real Samples (Accuracy)

The MSPE method was then applied to real samples to 
extract and preconcentrate the selected β-blockers using the 
optimum conditions. Figure 1 summarises the method for 
extracting and preconcentrating the selected β-blockers in 
real samples.

3  Results and Discussion

3.1  Characterisation of the Materials

3.1.1  Fourier Transform Infrared Spectroscopy

Functional groups on Fe3O4, NH2-MIL-101(Cr) and 
Fe3O4@NH2-MIL-101(Cr) were verified on FTIR spec-
troscopy. The FTIR spectra for the materials are shown in 
Fig. 2. From the FTIR spectrum of Fe3O4, a highly intense 
peak at 548 cm− 1 corresponding to the stretching vibration 
of Fe-O, indicating the successful synthesis of magnetic 
nanoparticles, was observed. Moreover, the intensive peaks 
appearing at 1481 and 1640 cm− 1 belong to the C-O and 
C = O of carbon dioxide from the air [37]. In the spectrum 
of NH2-MIL-101(Cr), noticeable peaks were observed at 
3084 and 3467 cm− 1, indicating the symmetric and asym-
metric stretching vibrations of primary amine groups. The 
absorption bands at 1396 and 1622 cm− 1 are characteristic 
of the symmetrical and asymmetrical stretching vibrations 
of carboxylate ligands of the deprotonated terephthalate 
ligands [38, 39]. This confirms the presence of double car-
boxylic acid groups on the structure of NH2-MIL-101(Cr). 
Furthermore, benzene C-H vibrations bands were exhib-
ited at 1017 cm− 1 and 748 cm− 1 [40]. The peak at around 
666  cm− 1 indicates the Cr-O vibration band, confirming 
the successful synthesis of NH2-MIL-101(Cr) [34]. In the 
nanocomposite spectrum, an intense peak at 548 cm− 1 was 
attributed to Fe-O tensile vibration, confirming the success-
ful doping of magnetic nanoparticles on NH2-MIL-101(Cr). 
The successful synthesis of Fe3O4@NH2-MIL-101(Cr) was 
further accounted for by the presence of both Cr and Fe 
atoms in the nanocomposite.

3.1.2  Brunauer–Emmett–Teller

Table 2 shows BET results of Fe3O4@NH2-MIL-101(Cr). 
This technique was employed to establish the surface prop-
erties of the materials using the N2 adsorption-desorption 

ultrapure water and ethanol, then dried in the oven at 70 °C 
for 1 h. The regenerated adsorbent was then applied in the 
2nd cycle of extraction. The process was repeatedly con-
ducted until the adsorption capacity of the adsorbent perfor-
mance was remarkably reduced.

2.9  Method Validation

To evaluate the efficacy and the validity of the proposed 
sample preparation analytical procedure, validation step is 
inevitable. In this work, method validation was conducted 
based on the International Guidelines and the validation 
included the evaluation of the analytical parameters includ-
ing: limits of detection and quantification (LOD and LOQ), 
linearity, specificity, precision (intra-day and inter-day stud-
ies) and accuracy (efficiency of the method in real water 
samples). Based on International Union of Pure and Applied 
Chemistry (IUPAC), the LOD and LOQ are defined as the 
minimum levels of the analytes that can give responses 
equal to 3.3 SD/m and 10 SD/m, respectively, where m 
represents the slope of the calibration curve and SD stands 
for standard deviation [14]. The calibration curve linearity 
parameter is obtained by assessing the correlation of deter-
mination (R2) when the concentration of the analytes within 
the prepared standard solution is plotted as a function of the 
detector response of the HPLC instrument. Specificty refers 
to the ability of the method to honestly maintain the extrac-
tion of the specified analytes regardless of the presence of 
other matrix components. Accuracy is the proximity of the 
measured values to the true value when measurements are 
repeatedly conducted. Precision is the proximity of the mea-
sured values to each other and it was conducted in two ways 
in the current work: (i) The first precision test was repeat-
ability which involved performing the experiments on the 
same day using the same operating parameters, (ii) Second 
precision test was reproducibility which involved perform-
ing experiments at different days using different operating 
parameters. To evaluate the effect of the matrix on the per-
formance of the method, calibration curves prior and after 
exctraction were obtained and the matrix effect percentage 
(ME%) was calculated using the formula below:

Table 1  Factors with corresponding levels used in CCD for MSPE 
optimisation
Variables Low level 

(-1)
Central point 
(0)

High 
level 
(+ 1)

Mass of adsorbent (mg) 10 35 60
Extraction time (min) 5 12.5 20
Desorption time (min) 5 10 15
Eluent volume (µL) 100 550 1000
pH 3 6 9
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Fe3O4@NH2-MIL-101(Cr) are listed in Table  2. After 
doping NH2-MIL-101 (Cr) with Fe3O4 nanoparticles, spe-
cific surface area and pore volume dropped significantly, 
showing that Fe3O4 partially occupied active moieties on 
NH2-MIL-101(Cr). The increase in pore size of the nano-
composite was a result of the internal pore strain resulting 
from the incorporation of the Fe3O4 nanoparticles. Nonethe-
less, the reduced specific surface area was sufficient for the 
efficient extraction of the selected β-blockers.

3.1.3  X-Ray Diffraction Spectroscopy

The structural phase and composition of Fe3O4, 
NH2-MIL-101(Cr) and Fe3O4@NH2-MIL-101(Cr) were 
evaluated on XRD spectroscopy and the results are shown in 

technique. The N2 adsorption-desorption isotherms of 
Fe3O4, NH2-MIL-101(Cr) and Fe3O4@NH2-MIL-101(Cr) 
shown in (Online Resource 5) were obtained at 77 K. As 
shown in Online Resource 5, the nanocomposite exhib-
ited type IV isotherm, indicating the mesoporous nature 
of the internal structure. Specific surface area, pore size 
and pore volume for Fe3O4, NH2-MIL-101(Cr) and 

Table 2  BET surface area, pore volumes and pore sizes of Fe3O4, 
NH2-MIL-101(Cr) and Fe3O4@NH2-MIL-101(Cr)
Materials Surface area 

(m2 g1)
Pore volume 
(cm3 g1)

Pore 
size 
(nm)

Fe3O4 190.6 0.28 1.96
NH2-MIL-101 (Cr) 2553.74 0.51 1.45
Fe3O4@NH2-MIL-101 (Cr) 1982.67 0.33 2.34

Fig. 2  FTIR spectra of Fe3O4, NH2-MIL-101(Cr) and Fe3O4@NH2-MIL-101(Cr)
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NH2-MIL-101(Cr), which is morphologically similar to 
MIL-101(Cr) except for the surface roughness [34]. Fig-
ure  4(c) shows TEM image Fe3O4@NH2-MIL-101(Cr) 
nanocomposite, revealing that Fe3O4 nanoparticles are dis-
tributed on the surface of the octahedral topology, increas-
ing the surface roughness. Furthermore, the agglomerated 
spherical Fe3O4 nanoparticles were observed at the octa-
hedral edges of the nanocomposite. The observed selected 
area electron diffraction (SAED) pattern in Fig. 4(d) corre-
sponded with the diffraction patterns of Fe3O4 [45], indicat-
ing that the Fe3O4 nanoparticles were truly incorporated on 
the surface of NH2-MIL-101(Cr).

3.1.5  Point of Zero Charge

Point of zero charge (PZC) was evaluated using laboratory 
conducive pH drift method to get insight into the behaviour 
and surface chemistry of the prepared nanocomposite [46]. 
The obtained plot is depicted in Online Resource 6. Accord-
ing to Online Resource 6, the PZC of the nanocomposite 
was observed at pH 8.4, which postulates that the surface of 
the nanocomposite is positively charged below pH 8.4 and 
negatively charged above pH 8.4.

3.2  Optimisation Strategy

3.2.1  Screening of Factors Affecting MSPE of β-Blockers 
Using Fractional Factorial Design

For every analytical sample preparation method, the screen-
ing process plays a significant role in evaluating the most 
controlling parameters for the extraction and preconcentra-
tion processes. This work screened five MSPME method 

Fig. 3. The spectrum of Fe3O4 (Fig. 3(a)) revealed the crys-
talline peaks which were in accordance with the XRD pattern 
reported in the previous studies [41]. In the XRD spectrum 
of NH2-MIL-101(Cr) (Fig. 3(b)), salient crystalline patterns 
were observed at 2θ angles of 10.6°, 17.9°,25.6°, 34.6° and 
43.7° which were similar with those previously [42]. In 
XRD spectrum of the nanocomposite (Fig. 3(c)), the main 
diffraction peaks of Fe3O4 were still observed 2θ angle of 
30.2°, 37.7°, 41.5°, 54.5°, 58.7° and 65.3°, which matched 
(220), (311), (400), (422), (511) and (440) planes of typical 
crystalline structure of Fe3O4 (JCPDS file 19–0629). How-
ever, the observed diffraction peaks of NH2-MIL-101(Cr) 
at 2θ angles of 10.6°, 17.9°,25.6° have merged into a broad 
peak appearing at 2θ range from 10-27.1°, indicating suc-
cessful synthesis of the nanocomposite. The disappearance 
of peaks at 2θ around 34.6° and 43.7° in comparison with 
NH2-MIL-101(Cr) was clear evidence for the characteristic 
growth of crystal planes and decrescent in crystallite size 
[43]. The appearance of the predominating main peaks of 
Fe3O4 on the XRD spectrum of the nanocomposite indicated 
that Fe3O4 nanoparticles fairly distributed on the surface of 
Fe3O4@NH2-MIL-101(Cr). This was further confirmed by 
TEM results (Fig. 4).

3.1.4  Transmission Electron Microscope

The internal structures and micro-compositions of Fe3O4, 
NH2-MIL-101(Cr) and Fe3O4@NH2-MIL-101(Cr) were 
confirmed on TEM and the images are presented in Fig. 4. 
The TEM image of Fe3O4 (Fig.  4(a)) revealed well-dis-
persed spherical nanoparticles, which correspond with 
the TEM image of Fe3O4 reported in recent studies by 
[44]. Figure  4(b) depicts a TEM image of octahedral 

Fig. 3  XRD patterns of (a) Fe3O4, (b) NH2-MIL-101(Cr) and (c) Fe3O4@NH2-MIL-101(Cr)
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the number of experiments and further evaluate the interac-
tive effects among these factors using quadratic equations 
[47].

3.2.2  Optimisation of the Most Influential Factor Using 
Central Composite Design

Further optimisation was conducted to investigate the inter-
active effects of the factors (EV and MA) that affected the 
MSPME method in the screening process. Optimisation 
parameters along their corresponding levels, including the 
extremes (α values), are presented in Online Resource 2. 
The optimisation was carried out using CCD. The results 
involving 11 experiments and their corresponding %ER are 
shown in Online resource 3. The RSM based on CCD was 
used to evaluate the main, interactive and quadratic effects 
of the extraction and preconcentration of β-blockers [47]. 
The results are shown as 3D response surface plots in Fig. 6. 
Based on Fig.  6, significant interactions were observed 
between the optimised factors towards the extraction of 
both ACE and MET, i.e. when pH and MA increased, the 
maximum analytical response was observed. This is due to 
the abundance of active adsorption sites on the adsorbent 

parameters, such as MA, ET, DT, pH and EV, using two-
level (25−1) FFD. The screening procedure helps eliminate 
the parameters that are not influential towards any sample 
preparation method so that the number of experiments is 
reduced in the 2nd optimisation. Online Resource 1 shows 
the screened number of investigations and their respective 
percentage extraction recoveries (%ER). Analysis of vari-
ance (ANOVA) was used as a statistical formula to interpret 
the experimental data, and this data was presented as Pareto 
charts (Fig. 5). Pareto charts provide information about the 
main and interacting parameters’ effect on the developed 
MSPE method. It consists of horizontal bars and a vertical 
red line, which indicates a 95% confidence level. If a bar 
corresponding to a particular factor obtained by liner mod-
els cuts through the red line, that factor is deemed signifi-
cant towards the %ER at 95% confidence level [24].

Based on Fig. 5, only the bars corresponding to MA and 
pH crossed the red line indicating that these factors were 
statistically significant towards the extraction and precon-
centration of ACE and MET. Further optimisation was 
conducted for these factors (pH and MA) using central com-
posite design (CCD) based on response surface methodolo-
gies (RSM). This 2nd optimisation was performed to reduce 

Fig. 4  TEM images of (a) Fe3O4, (b) NH2-MIL-101(Cr) and (c) TEM image and (d) SAED of Fe3O4@NH2-MIL-101(Cr)
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forms and at pH ≥ pKa, the surfaces become neutral or nega-
tively charged [48, 49]. According to the RSM and desirabil-
ity functions, maximum extraction efficiency was obtained 
when pH exceeded PCZ and this could be explained based 
on the following phenomena: At pH ≥ PZC, the surface of 
Fe3O4@NH2-MIL-101(Cr) acquires negative charges and 
the surface of ACE and MET remain positively charged 
since the pH is still below their pKa values. Therefore, elec-
trostatic interactions occur between the nanocomposite and 
the selected β-blockers. When pH ≤ pKa, the surfaces of 
ACE and MET change and electrostatic repulsions drive the 

when the amount is increased. For both ACE and MET, the 
highest preconcentration efficiency was attained when pH 
reached 9. The PZC of the nanocomposite was obtained at 
pH = 8.4, indicating that the the surface of the nanocom-
posite is positive and negative below and above the PZC, 
respectively. Therefore, lower extraction efficiency obtained 
at lower pH values was due to the repulsion between the 
positively charged Fe3O4@NH2-MIL-101(Cr) and the pro-
tonated ACE and MET. The acid dissociation constants 
(pKa) of ACE and MET are 9.67 and 9.7, respectively. At 
pH ≤ pKa, ACE and MET predominantly exist in protonated 

Fig. 6  RSMs indicating the interactive effects between the optimised factors, (a) ACE and (b) MET. Optimized experimental conditions: Extrac-
tion time = 10 min; desorption time = 5 min and eluent volume = 500 µL

 

Fig. 5  Pareto charts showing the significant factors in the extraction of (a) acebutolol and (b) metoprolol. 2Lby3L-interaction between pH and ET; 
2Lby5L-interaction between pH and EV
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7. Additional theoretical information based on the desirabil-
ity profiles can be obtained from our previously reported 
work [14]. Based on Fig. 7, it should be observed that both 
parameters had a significant effect on the extraction and pre-
concentration of ACE and MET due to the reduced robust-
ness of experimental data points. This indicates that minor 
changes on these points can considerably affect the %ER. 
A similar trend was observed on the desirability profile of 
MET (Online Resource 7). Optimum conditions obtained 
from RSM and desirability profiles were 64  mg and 9.4 
for MA and pH, respectively. The screening process indi-
cated that other parameters are not significant, including 
EV, ET and DT, which were kept at their best values of 500 
µL, 10 min and 5 min, respectively. The current analytical 
method exhibited observable merit and could potentially 
be used as a representative sample preparation method for 
extracting and preconcentrating a vast number of trace pol-
lutants in the environment. Furthermore, the incorporated 
nanoadsorbent complemented the merit of the technique 
due to its high stability, great reusability and the ability to 

nanocomposite and the slected β-blockers apart. However, 
desirability functions indicated that maximum extraction 
efficicency could still be obtained even when pH exceeded 
the pKa of ACE and MET. This suggests that electrostatic 
interactions were not only the mechanism controlling the 
extraction of the β-blockers.

However, RSM does not give precise experimental con-
ditions but estimates the probable region. Therefore, further 
optimisation was conducted to acquire desirability profiles 
which present accurate optimum values for the optimised 
parameters.

Desirability profiles are plots that are obtained using 
statistical designs. Using these designs, the responses are 
statistically converted to dimensionless desirability values, 
which are then aggregated and used to get overall desirabil-
ity. Theoretically, desirability profiles constitute three values 
which are 0, 0.5 and 1 for undesirable, partially desirable 
and desirable, respectively [50, 51]. The desirability pro-
files indicating the predicted values and desirability for both 
ACE and MET are presented in Fig. 7 and Online Resource 

Fig. 7  Desirability profile of ACE confirming the optimum conditions. Optimized experimental conditions: Extraction time = 10 min; desorption 
time = 5 min and eluent volume = 500 µL; solution pH = 9.4 and mass od adsorbent = 64 mg
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The results indicate that the Langmuir model (Table 3, 
Online Resource 8) better describes the adsorption mecha-
nism than Freundlich (Table 3, Online Resource 9) based 
on higher R2 values obtained for both ACE and MET. The 
validity of the Langmuir model was further supported by 
the calculated adsorption capacities of 47.9 and 41.1 mg 
g− 1, comparable to the experimental adsorption capacities 
of 50.51 and 43.67 mg g− 1 for ACE and MET, respectively. 
This indicated that the adsorption of ACE and MET formed 
a single layer onto the homogeneously distributed active 
sites on the surface of Fe3O4@NH2-MIL-101(Cr) [52]. To 
understand whether the interaction between the β-blockers 
and Fe3O4@NH2-MIL-101(Cr) is based on physical or 
chemical interactions, the experimental isotherm data were 
fitted to the Dubin-Radushkevich model (Table  3, Online 
Resource 10). Based on the results obtained, the mean free 
energies ((E (kJ mol− 1)) were below 8 kJ mol− 1 embrac-
ing physisorption as the dominating type of interaction. 
The validity of the Langmuir was further confirmed by the 
Sips isotherm model (Table  3, Online Resource 11). This 
model is derived from the combination of Langmuir and 
Freundlich models. The heterogeneity constant (‘n’) is the 
model’s most imperative parameter, indicating that if ‘n’ is 
between 0 and 1, Sips equation reduces to Freundlich, and if 
‘n’ is closer or equal to 1, Sips equation reduces to Langmur 
[52]. Based on the results obtained in Table  3, ‘n’ values 
were close to unity for both ACE and MET, supporting the 
validity of the Langmuir model.

3.4  Regenerability and Reusability

Experiments were performed to test the adsorbent’s sta-
bility, regenerability and reusability. The reusability of 
an adsorbent prevails as an attractive feature, making the 
adsorption technology cheaper and feasible. This study per-
formed the regenerability and reusability studies to evalu-
ate how often the already used Fe3O4@NH2-MIL-101(Cr) 
nanocomposite can be utilised whilst preserving maximum 
analytical response (%ER). The results shown in Fig. 9 indi-
cates that the nanocomposite can be repeatedly used about 
eight times, maintaining ≥ 89% extraction recoveries for 
both ACE and MET. Furthermore, the %RSDs for the reus-
ability studies were below 3.2%, indicating good precision. 
Regardless of a slight collapse in adsorption efficiency, the 
spent nanoadsorbent exhibited superior stability, regener-
ability and reusability. Based on the reusability perfor-
mance of Fe3O4@NH2-MIL-101(Cr) nanocomposite, it can 
be concluded that the nanocomposite could be potentially 
incorporated in various sample preparation techniques for 
the enrichment of various environmental pollutants.

efficiently adsorb and desorb the selected β-blockers in a 
short space of time.

3.3  Adsorption Isotherms and Capacity

Adsorption isotherms are necessary to understand the 
adsorbent and analyte interaction mechanism (Fig.  8). In 
the adsorption mechanism, the equilibrium phenomena are 
evaluated to obtain the adsorption capacity of the adsor-
bent concerning the amount of the analytes adsorbed onto 
the adsorbent relative to the amount left in the solution at 
equilibrium. The experimental adsorption capacities were 
47.9 and 41.1 mg g− 1 for ACE and MET, respectively. 
The adsorption isotherm data were fitted to four models 
to understand further the adsorption mechanism (Lang-
muir, Freundlich, Dubinin-Radushkevich and Sips models) 
[36]. The model parameters and equations are presented in 
Table 3 and Online Resource 4, respectively. The model that 
best fits the adsorption isotherm data was selected based on 
the correlations of determination (R2 values).

Table 3  Adsorption isotherm models with the corresponding param-
eters
Models Parameters ACE MET
Langmuir Qm (mg g1) 50.5 43.7

KL (L mg1) 5.21 4.67
RL 0.015–0.093 0.017–

0.11
R2 0.9934 0.9927

Freundlich KF (mg g1) 44.5 32.2
n 3.0 1.9
R2 0.9185 0.9152

Dubinin-Radush-
kevich (D-R)

QD−R (mg g1) 46.6 39.4
β (mol2 J− 2) 3.00 × 10− 7 4 × 10− 7

E (kJ mol− 1) 4.08 3.54
R2 0.9785 0.951

Sips Ks (L mg− 1) 0.073 0.041
Qmax (mg g− 1) 47.9 41.1
ns 1.01 0.97

Fig. 8  Adsorption isotherms of ACE and MET. Optimized experimental 
conditions: Extraction time = 10 min; desorption time = 5 min and elu-
ent volume = 500 µL; solution pH = 9.4 and mass od adsorbent = 64 mg
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and six different days (reproducibility, n = 6). The obtained 
results were demonstrated regarding relative standard devi-
ations (RSDs). The intra-day and inter-day precisions were 
less than 1% and 2%, respectively. This indicated that the 
method could potentially be applied for the preconcentra-
tion of many environmental pollutants and is reproducible. 
The specificity and selectivity of the MSPE method was 
demonstrated by by comparing the stability and similarity 
of the analyte peaks in both spiked river water sample and 
spiked ultrapure water from the lab (Fig. 10).

According to the results obtained in Fig. 10, the retention 
times and the peaks were similar with SD of 0.0076, con-
firming the specificity of the method for ACE and MET. The 
matrix effect on the developed method was evaluated based 
on the trend reported previously, i.e. when %ME ≤ 20% 
or %ME ≥ -20%, the matrix shows no effect, when 20% 
≥ %ME ≤ 50% or -50% ≤ %ME ≤ -20%, the matrix have 
moderate effect and when %ME ≤ -50 0r %ME ≥ 50%, the 
matrix effect is extremely significant [53, 54]. The results 
obtained indicated that the %ME was below 20% (Table 4) 
for both analytes ACE and MET, which suggested that the 
matrix effect was negligeable towards the performance of 
the method. Based on the literature, the response of the 
detector is improved when the %ME is positive and visa 

3.5  Method Validation

Under best experimental conditions, the analytical figures 
of merit for the developed MSPME method were evalu-
ated using limit of detection (LOD), limit of quantification 
(LOD), preconcentration factor (PF), repeatability (intra-
day), reproducibility (inter-day) and linearity (Table  4). 
Firstly, the calibration curves for each analyte were plot-
ted, and the MSPME method was used to preconcentrate the 
standard solutions of β-blockers with concentrations rang-
ing from 200 to 1200 µg L− 1. The linearity and correlations 
of determination obtained from the calibration curves are 
also shown in Table 4. The linearity range was good, indi-
cating outstanding method performance. LODs and LOQs 
are the smallest amounts that can increase the original sig-
nal sensitivity by a factor of 3 and 10, respectively [15]. 
They are obtained by dividing the standard deviation by the 
gradient of the calibration curve. The obtained LODs and 
LOQs for ACE and MET are also shown in Table 4. The 
preconcentration factor (PF), expressed as the ratio of the 
sample volume to the eluent volume, was 10. The intra-day 
and inter-day studies were performed to evaluate the preci-
sion of the MSPE method. These studies were conducted 
based on ten repetitions on the same (repeatability, n = 10) 

Fig. 9  Reusability studies of Fe3O4@NH2-MIL-101(Cr): Opti-
mum conditions: MA = 64; pH = 9.4; ET = 10  min, DT = 10  min 
and EV = 500 µL. Optimized experimental conditions: Extraction 

time = 10 min; desorption time = 5 min and eluent volume = 500 µL; 
solution pH = 9.4 and mass od adsorbent = 64 mg
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3.6  Application to Real Samples

The feasibility of the MSPE method was investigated using 
spiked water matrices (river, influent and effluent water 
samples). The spiking was conducted at two levels, a lower 
level (200 µg L− 1) and a higher level 800 µg L− 1 for both 
ACE and MET (Table  5). The samples were analysed in 
triplicates, and the overall results were averaged. The results 
indicated that the MSPE method could perform effectively 
even in the presence of interfering species, with %ER rang-
ing from 93.2 to 99.1%. This suggested that matrix inter-
ferences had no obvious drawback on the extraction and 
preconcentration of the selected β-blockers. This was sup-
ported by the %RSD, which was less than 10%, further 
proving that the effects from the matrices were insignificant 
for the developed analytical method. The MSPE method 

versa [55]. The obtained %ME was also positive further 
confirming that the matrix had no effect on the merit of the 
developed method.

Table 4  Method validation for the extraction and preconcentration of 
ACE and MET
Parameter ACE MET
Linearity 0.2–1200 0.2–1200
R2 0.9987 0.9968
LOD (µg L− 1) 0.057 0.065
LOQ (µg L− 1) 0.19 0.22
Repeatability (%RSD) 0.63 0.74
Reproducibility (%RSD) 1.06 1.18
PF 10 10
%Matrix effect (%ME) 2.47 2.92

Fig. 10  Chromatograms of (a) blank sample, (b) spiked ultrapure water and (c) spiked river water
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wider linearity, good repeatability and reproducibility. The 
LODs for the method in question were comparably lower 
than those of other reported methods. This indicated that 
the proposed MSPME method is sensitive, rapid, facile, 
environmentally friendly, and ideal for the enrichment of 
β-blockers from different environmental matrices. The merit 
of the method was further observed when a higher %ER for 
both β-blockers were obtained regardless of the presence of 
interfering substances. Moreover, the optimum %ER were 
still obtained after eight consecutive cycles.

4  Conclusion

In conclusion, NH2-MIL-101(Cr) doped magnetic nanopar-
ticles were fabricated and used in the MSPME method 
to enrich and determine the selected β-blockers (ACE 
and MET) in the model and real water samples. The 
Fe3O4@NH2-MIL-101(Cr) nanocomposite was character-
ised and confirmed by the following analytical techniques: 

exhibited great potential for the matrix clean-up, extraction 
and preconcentration of β-blockers from different environ-
mental waters. Figure 11 illustrates the chromatograms of 
the ACE and MET for the spiked river water sample and 
after the preconcentration. The preconcentrated peaks 
are enhanced, indicating successful preconcentration and 
matrix cleanup. Herein, the river water sample was used 
as a representative to demonstrate the performance of the 
method in all real water samples.

3.7  Comparison of the Proposed Method with Other 
Methods in the Literature

To evaluate the performance, feasibility, and reliability of the 
proposed MSPME analytical method, comparison studies 
were conducted with other methods reported in the literature 
for the preconcentration of β-blockers in various environ-
mental matrices. The comparison was based on the linearity, 
LODs and %RSD. The results are shown in Table 6. The 
results indicated that the proposed method had reasonably 

Table 5  Application of MSPE method in real samples (mean ± SD)
Samples Spiked levels (Added, µg L− 1) Acebutolol Metoprolol

Found (µg L− 1) %RSD %R Found (µg L− 1) %RSD %R
Influent 0 1.11 ± 0.06 5.4 - 13.8 ± 0.66 4.8 -

200 188 ± 9 4.8 93.2 203 ± 8 3.9 94.8
800 766 ± 25 3.3 95.6 787 ± 21 2.7 96.7

Effluent 0 0.121 ± 0.007 5.8 - 0.338 ± 0.015 4.4 -
200 190 ± 8 4.2 94.9 192 ± 9 4.7 95.7
800 772 ± 23 3.0 96.5 783 ± 19 2.4 97.8

River water 0 ND - - ND -
200 197 ± 9 4.6 98.7 195 ± 7 3.6 97.5
800 793 ± 26 3.3 99.1 790 ± 27 3.4 98.7

Fig. 11  Chromatograms of the (a) spiked river water sample and (b) after preconcentration
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