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Abstract: Glyphosate (GLYPi) is an organophosphorus herbicide that behaves as an anionic substance in the aqueous 
phase. Even though it is stated as safe and non-toxic, the widespread use of GLYPi has raised environmental issues 
that need attention. This work used the positively charged metal-organic framework (MOF) of ZIF-8 to remove GLYPi 
via adsorption. Fe3O4 particles were hybridized with ZIF-8 to obtain Fe3O4@ZIF-8 via an in-situ deposition strategy 
to enhance the adsorption capacity toward GLYPi. The composite material (Fe3O4@ZIF-8) was characterized using 
scanning electron microscopy, Fourier transform infrared spectroscopy, and X-ray diffraction, revealing rhombic 
dodecahedron-shaped particles and oxygen-rich functional groups. The adsorption results show that there is a 
synergistic effect of adding Fe3O4 to ZIF-8 in increasing the rate and capacity of adsorption on GLYPi, that is 0.0012 
g/mg·min (Pseudo-second-order) and 73.57 mg/g (Langmuir), respectively, on pH 7 and 50 °C. GLYPi adsorption by 
Fe3O4@ZIF-8 was not influenced by coexisting anions (e.g., Cl-, NO3

-, SO4
2-, and HCO3

-). The reusability study showed 
that the adsorption efficiency of GLYPi by Fe3O4@ZIF-8 decreased significantly after the first cycle, which should 
be considered a future challenge for further studies. The adsorption mechanisms of GLYPi by Fe3O4@ZIF-8 involve 
electrostatic interaction and pore-filling. The results indicate that Fe3O4@ZIF-8 is a promising candidate for removing 
organophosphate compounds, which could be an excellent strategy for environmental protection.

Keywords: adsorption, glyphosate, ZIF-8, Fe3O4, phosphate herbicide

1. Introduction
Using herbicides to control weed growth has become a common practice to increase crop yields. Glyphosate 

(GLYPi), an organophosphate compound also called N-phosphonomethyl glycine, is a non-selective herbicide that has 
been commercialized since 1974.1-2 GLYPi is a systemic herbicide with broad-spectrum activity, working by inhibiting 
plant enzymes that responsible for the synthesis of amino acid.1 In the earlier stages of commercialization, GLYPi was 
introduced as a non-toxic and biodegradable herbicide.3 Following the statement, GLYPi has developed into one of 
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agriculture’s most frequently used herbicides. Annual use of GLYPi increased exponentially from 56,000 tons in 1994 
to 825,000 tons in 2014. GLYPi has also been widely used as an active ingredient blend for > 750 broad-spectrum 
herbicide varieties.4 

Extensive use of GLYPi has raised concerns regarding the potential environmental damage and resulting health 
hazards.5-6 As research and technology advances, many studies refute the safety of GLYPi. GLYPi is a stable compound 
that can last several months in dark environmental conditions without experiencing degradation.1,3 Furthermore, GLYPi 
contains three deprotonable functional groups with acid dissociation constant (pKa) values of 2.2 for the carboxylate 
(-COOH), 5.5 for the phosphonate (-PO3H2), and 10.2 for the amine (-NH2) group.7 Due to these deprotonate groups, 
GLYPi is extremely soluble in water,8 increasing the possibility of its environmental exposure. GLYPi residues in the 
soil can also cause phytotoxicity in non-target plants through root uptake, which can cause biodiversity loss.8 Apart from 
that, the use of GLYPi also increases the total phosphorous content in the soil and surrounding surface water, which 
can trigger eutrophication.9 Highlighting the potential damage caused by GLYPi, this study offers a breakthrough in 
managing GLYPi contamination in the aqueous phase.

Methods for reducing or eliminating harmful substances in the aqueous phase have become a hot topic in materials 
and environmental science. Adsorption is one of the most promising techniques in water treatment for various hazardous 
substances because of its low operating cost, practicality, high efficiency, and ease of adaptation to multiple substances.10 
The adsorption procedure involves using a solid material (sorbent) as a medium for the attachment of target molecules 
(sorbates). The deprotonable nature of GLYPi allows it to exist as negatively charged molecules in the aqueous phase. 
Waters generally have a pH between 6.5 and 8.5; GLYPi is presented as an anionic species over this range of pH.11 
Therefore, using positively charged sorbents can create electrostatic attraction towards negatively charged GLYPi.

The use of metal-organic frameworks (MOFs) as adsorbents has attracted extensive research interest due to 
their superior adsorption capacity owing to large specific surface area, high porosity, and diverse functionality. In 
particular, the zeolitic imidazolate framework (ZIF-8) has been mentioned for its superior chemical and thermal stability 
among other MOFs owing to its zeolitic structure.12 ZIF-8 also exhibits a positive surface charge, which makes it an 
excellent candidate for the adsorption of anionic sorbates, such as phosphate (PO4

3-),13 Congo red,14 dimethyl methyl 
phosphonate,12 hexavalent chromium,15 etc. Of the many adsorption studies using ZIF-8 as a sorbent, there is still no 
study demonstrating the adsorption performance of ZIF-8 on GLYPi. 

GLYPi is commonly found to coexist with various anions in wastewater; therefore, an adsorbent with high 
selectivity is often required to remove it effectively. Pearson’s hard-soft acid-base theory states that Fe is a hard acid that 
can establish strong bonds with hard bases, including phosphonate-containing molecules.16-18 Therefore, incorporating 
Fe-containing materials into ZIF-8 could be a good strategy to increase its affinity for GLYPi. Fe3O4 magnetic particles 
are combined with ZIF-8 for this purpose. This work revealed the performance of ZIF-8 and Fe3O4@ZIF-8 adsorbent for 
removing GLYPi through adsorption isotherms and kinetics study. Additionally, at the end of the work, the adsorption 
performance of the adsorbents on phosphate (Pi) was also evaluated as a comparison. The two compounds GLYPi and 
Pi exhibit chemical resemblance; thus, the adsorbent may show similar adsorption performance toward both compounds. 
Furthermore, Pi is also known to raise eco-toxicological concerns because of its potential to cause eutrophication.

2. Materials and method
2.1 Materials

The chemicals used in this work including zinc nitrate hexahydrate (Zn(NO3)2·6H2O, CAS 10196-18-6, 98% 
purity), 2-methylimidazole (CAS 693-98-1, 99% purity), sodium hydroxide (NaOH, CAS 1310-73-2; ≥ 98.5% purity), 
sulfuric acid (H2SO4, CAS 7664-93-9, 96% purity), ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O, CAS 
12054-85-2), antimony potassium tartrate trihydrate (C8H6K2O13Sb2·3H2O, CAS: 28300-74-5), L-ascorbic acid (C6H8O6, 
CAS 50-81-7, ≥ 99% purity), sodium molybdate (Na2MoO4, CAS 7631-95-0, ≥ 9 8.0% purity), ninhydrin (C9H6O4, 
ACS Reagent Grade, CAS 485-47-2), potassium phosphate (KH2PO4, CAS 7778-77-0, ≥ 99.0% purity), and glyphosate 
(GLYPi, (HO)2P(O)CH2NHCH2CO2H, CAS 1071-83-6, 96% purity). All chemicals were acquired from Sigma Aldrich, 
Singapore, and utilized without further purification.
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2.2 Adsorbent preparation
2.2.1 Preparation of ZIF-8

ZIF-8 was synthesized following the procedure by Jian et al.19 The 2-methylimidazole solution was prepared by 
dissolving 4.54 g (0.055 mol) of the compound in 40 mL of distilled water. In a separate beaker, 0.29 g (0.001 mol) 
Zn(NO3)2·6H2O was dissolved in 20 mL of distilled water. The two solutions were mixed and reacted for 24 h at room 
temperature. The ZIF-8 solid precipitate was then collected and washed thrice using ethanol and dried in an oven at 80 
°C overnight.

2.2.2 Preparation of Fe3O4

The ferric solution was prepared by mixing 0.016 mol FeCl3·6H2O and 0.008 mol FeCl2.4H2O in 80 mL of water. 
The solution was stirred continuously and heated to 70 °C before adding 20 mL of 25% (w/w) ammonia solution. The 
mixture was allowed to react for 30 min at 70 °C. Subsequently, 4 mL of 0.5% (w/v) of citric acid solution was added to 
the mixture, then the temperature was increased to 90 °C and the mixture was reacted for 60 min. The precipitate formed 
was collected and washed with water five times. The collected solids were then resuspended in water, and an external 
magnetic field was applied to separate the magnetic and non-magnetic particles. The magnetic particles were collected 
and dried under a vacuum at room temperature.

2.2.3 Preparation of composite Fe3O4@ZIF-8

4 mL of Fe3O4 suspension in water was prepared at different 1 to 5 mg/mL concentrations. A 2-methylimidazole 
solution (4.54 g in 36 mL of water) was added to the Fe3O4 suspension while sonicating. The mixture was sonicated for 
15 min before adding Zn(NO3)2·6H2O solution (0.29 g in 20 mL of water). The final content of Fe3O4 in the mixture 
is summarized in Table 1. The mixture was then reacted for 24 h at room temperature to allow the formation and 
deposition of ZIF-8 on Fe3O4. The forming solid was separated using an external magnetic field, washed using ethanol 
three times, and dried in an 80 °C oven overnight. 

Table 1. Composition of starting materials in preparing the Fe3O4@ZIF-8 composite

Fe3O4 2-Methylimidazole Zn(NO3)2·6H2O
Fe3O4 content

(% w/v)*Mass
(mg)

Vol.
(mL)

Mass
(g)

Vol.
(mL)

Mass
(g)

Vol.
(mL)

0 4 4.54 66 0.29 10 0

4 4 4.54 66 0.29 10 5.7

8 4 4.54 66 0.29 10 11.4

12 4 4.54 66 0.29 10 17.1

16 4 4.54 66 0.29 10 22.9

20 4 4.54 66 0.29 10 28.6

* Fe3O4 content was calculated from the ratio of mass Fe3O4 added and the total 
volume of the system

The amount of Fe3O4 in the resultant composite was evaluated by determining the Fe content, and the determination 
was performed using an atomic absorption spectroscopy procedure on a Shimadzu AA-6200 spectrophotometer. The Fe 
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content (%) was calculated according to the following eq. (1).

3 4

 Conc. of Fe detected (mg/L)Fe content (%) Vol. sample (L) 100%
 mass of Fe O (mg)

= × × (1)

2.3 Characterization

X-ray diffraction (XRD) analysis to elucidate the crystallinity pattern of the sample was carried out using a 
Bruker D2 Phaser diffractometer, with Cu Kα X-ray source at λ of 1.5418 Angstrom operated at 30 kV and 10 mA, and 
detection range at 2θ of 5° to 50°. The surface functional groups were determined through the Fourier transform infrared 
(FTIR) spectroscopy method using a Shimadzu 8400S spectrometer; detection was performed from a wavenumber of 
400 to 4,000 cm-1. Nitrogen (N2) sorption isotherm analysis was performed using a Micromeritics ASAP 2020 analyzer, 
and the sample was degassed for 12 h at 200 °C before the analysis. The pH drift method was carried out to determine 
the point-of-zero-charge (PZC)20-21 -15 mg of adsorbent was immersed in a 0.01 M NaCl solution, which was prepared 
at various pH of 2 to 12; the pH adjustment was done by adding NaOH or HCl. After 48 h of immersion, the final pH 
was measured using a calibrated pH meter. The initial pH vs. final pH graph was then plotted to determine the PZC 
value. 

2.4 Adsorption experiment
2.4.1 Adsorption kinetics

Adsorption kinetics was performed in batch experiment. A 25 mL GLYPi solution was prepared at a concentration 
of 20 mg/L, and then 15 mg of selected adsorbent was introduced into the solution. The adsorption was performed in 
a thermostatted shaker water bath (Memmert) at a temperature of 30 °C. The residual concentration of GLYPi was 
measured at a designated period between 0 to 300 min. The kinetic analysis was also performed for GLYPi at 40 and 60 
mg/L concentrations.

2.4.2 Adsorption isotherm

Adsorption isotherm study was carried out by introducing 15 mg of selected adsorbent into a 25 mL GLYPi 
solution prepared at various initial concentrations from 0 to 120 mg/L. The adsorption was performed for 6 h at three 
different temperatures of 303, 313, and 323 K (30, 40, and 50 °C) in a thermostatted shaker water bath (Memmert). 

2.4.3 Effect of operating conditions

The effect of pH in the adsorption process was investigated. A series of 25 mL GLYPi solution at a concentration of 
40 mg/L was prepared. The pH of the solution was adjusted in the range of 3 to 10 by using 0.1 M HCl or 0.1 M NaOH 
solution. Then, 15 mg of adsorbent was introduced, and the residual GLYPi was measured after 6 h.

The effect of coexisting ions was investigated by performing the adsorption in a solution containing different types 
of salt, that is, NaCl, Na2SO4, NaNO3, and NaHCO3. Specifically, 40 mg/L of GLYPi solution was prepared in 25 mL of 
15 mM salt solution. Then, 15 mg of selected adsorbent was introduced, and the adsorption was performed for 6 h.

2.4.4 Colorimetric measurement of GLYPi concentration

To determine the amount of residual GLYPi in bulk solution, 2 mL of GLYPi-containing sample was mixed with 1 
mL of 5 wt.% of sodium molybdate solution and 1 mL of 2 wt.% ninhydrin solution. The mixture was mixed and heated 
in a water bath at 100 °C for 20 min. The solution was allowed to cool down until the “Ruhemann” purple color formed. 
Subsequently, the solution was transferred into a measuring flask, and water was added to the solution to make a final 
volume of 10 mL. The absorbance of the sample was measured using a spectrophotometer at a wavelength of 570 nm. 
The removal efficiency (%) was calculated according to eq. (2).
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0

0
Removal efficiency (%) 100fC C

C
-

= × (2)

where C0 and Cf  represent the initial and final concentration of GLYPi (mg/L), respectively. The amount of solute at a 
particular time (Qt) or at equilibrium (Qe) was calculated using eq. (3).

(3)( )0  or 
 or (mg/g) t e

t e
C C C

Q Q V
m

-
= ×

where Ct is the concentration at a particular time (mg/L), Ce is the concentration at equilibrium (mg/L), m is the mass of 
adsorbent (g), and V is the total volume of solution (L). 

2.5 Reusability study 
The used adsorbent was regenerated by stirring the adsorbent in 50 mL of 0.05 M ethanolic NaOH solution for 15 

min at room temperature. The regenerated adsorbent was then reused for another batch of adsorption experiments.

3. Results and discussion
3.1 Effect of Fe3O4 addition on the GLYPi removal efficiency

Fe3O4@ZIF-8 composite was prepared by mixing a varied amount of Fe3O4. The amount of Fe3O4 added affects 
the Fe content in the composite, as shown in Figure 1a. Using a higher amount of Fe3O4 resulted in a higher Fe content 
in the composite. The effect of Fe3O4 addition in enhancing the removal efficiency of Fe3O4@ZIF-8 composite against 
GLYPi was shown in Figure 1b; this result also set as a preliminary trial to determine the optimal amount of Fe3O4 
in producing adsorbent with excellent removal efficiency. As shown in Figure 1b, the removal efficiency of GLYPi 
is increased with the increase of Fe3O4 amount from 0 to 17 %w/v. However, adding Fe3O4 of > 17 %w/v does not 
significantly improve removal efficiency. The result of the preliminary trial indicates that the addition of 17 %w/v Fe3O4 
produces Fe3O4@ZIF-8 composite with optimum GLYPi removal efficiency; thus, the following results and discussion 
are carried out using the respective adsorbent composite. 

3.2 Adsorbent characterization
3.2.1 Point-of-zero charge 

Point-of-zero-charge (PZC) is a pH-dependent property that significantly affects adsorption performance.22-23 
The pH drift method is used to determine PZC, which is one of the robust and facile methods to determine PZC.20 As 
shown from the measurement result in Figure 1c, ZIF-8 and Fe3O4@ZIF-8 exhibit similar PZC values 8.8 as indicated 
by the intersection point (Figure 1c). The pH difference value (ΔpH) value is also plotted to depict the pH distribution 
at which the adsorbent has a positive surface charge (positive ΔpH) and at which the adsorbent has a negative surface 
charge (negative ΔpH). The plot is shown in Figure 1d. It can be noted that the adsorbent shows a positive ΔpH at 
pH environment < PZC, and a negative ΔpH at pH environment > PZC. Thus, it can be expected that the removal 
of negatively charged GLYPi molecules occurs at a higher rate when the pH < 8.8, when the adsorbent is positively 
charged.
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Figure 1. (a) The variation of Fe content and (b) GLYPi removal efficiency of Fe3O4@ZIF-8 composite prepared using different amounts of Fe3O4; 
different lowercase letters indicate significant differences with p-value < 0.05. (c) Point-of-zero-charge and (d) ΔpH value of ZIF-8 and Fe3O4@ZIF-8 
prepared using 17 %w/v of Fe3O4

3.2.2 SEM analysis

SEM analysis was performed to elucidate the particle morphology and surface characteristics of the investigated 
materials, which are ZIF-8, Fe3O4, and Fe3O4@ZIF-8. The rhombic dodecahedron shape of the ZIF-8 particle is 
shown in Figure 2a. The Fe3O4 particle morphology is shown in Figure 2b; the formation of large particles suggests 
the presence of aggregation. The morphology of the Fe3O4@ZIF-8 composite is shown in Figure 2c, and the particles 
exhibit a morphology similar to that of ZIF-8. However, it can be seen that the Fe3O4@ZIF-8 particles have a rougher 
surface due to the anchoring of ZIF-8 onto Fe3O4. The elemental mapping of Fe3O4@ZIF-8 indicates the presence of Zn 
and Fe elements, which confirms the successful hybridization of the ZIF-8 and Fe3O4.
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Figure 2. SEM morphology and EDX elemental mapping of (a) ZIF-8, (b) Fe3O4, and (c) Fe3O4@ZIF-8

3.2.3 XRD analysis

XRD crystallinity pattern and the corresponding crystal plane of ZIF-8, Fe3O4, and Fe3O4@ZIF-8 are shown in 
Figure 3. The ZIF-8 exhibits peaks at 2θ of 7.4°, 10.6°, 12.7°, 15.0°, 16.4°, and 18.1° corresponding to crystal plane 
of (011), (002), (112), (022), (013), and (222), which are in good agreement with the reported ZIF-8 by Guo et al.24 
Other peaks correlated to the formation of ZIF-8 were also observed at 2θ > 22°, which are similar to the reported 
literature.25-26 For Fe3O4, typical diffraction peaks corresponding to (220), (311), (222), (400), and (422) planes are 
identified at 30.3°, 35.8°, 37.5°, 43.5°, and 53.8°, respectively. The corresponding composite of Fe3O4@ZIF-8 exhibits 
a similar XRD pattern to that of ZIF-8, where almost all ZIF-8 peaks can be detected but at a lower intensity. The 
detection of the ZIF-8-correlated peaks in the XRD of Fe3O4@ZIF-8 also implies that the ZIF-8 crystal structure is not 
being destroyed.
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Figure 3. XRD pattern of ZIF-8, Fe3O4, and Fe3O4@ZIF-8

3.2.4 FTIR analysis

The functional groups of ZIF-8, Fe3O4, and Fe3O4@ZIF-8 were examined using FTIR analysis, and the result is 
provided in Figure 4. As observed from the spectra of ZIF-8, the presence of aromatic and aliphatic stretching vibration 
of C-H groups of imidazole was noted from the absorption bands at 2,845 and 3,183 cm-1, respectively. The stretching 
vibration of C = N was presented from the band at wavenumber 1,603 cm-1. The band occurs at a wavenumber of 
1,451 cm-1 and is associated with the stretching vibration of C-N. The binding of Zn with imidazole ligand induces 
the appearance of the bands at 765 cm-1 for Zn-O stretching and 422 cm-1 for Zn-N.24,27-28 In the Fe3O4 spectra, the 
characteristic absorption band corresponding to Fe-O vibration was observed at 569 cm-1, which is consistent with the 
reported literature.29 The other band detected at 1,631 cm-1 correlates to the O-H deformed vibration, and at 3,319 cm-1 
is correlated to the O-H stretching vibration of intermolecular bonded alcohol groups. Compared to parent components 
ZIF-8 and Fe3O4, the composite Fe3O4@ZIF-8 displays combined adsorption bands associated with the parent 
components. The bands correlated to Zn-O, Fe-O, and Zn-N metal nodes are observed at wavenumbers of 759, 567, 
and 425 cm-1, respectively. The band correlated to C-N vibration was observed at 1,445 cm-1, and the band appeared 
less intense than the ZIF-8 parent component. This functional group might interact with the Fe3O4 core to form the 
composite. The C = N vibration detected in the ZIF-8 spectrum disappears in the composite spectrum. The typical O-H 
stretching vibration band was observed at 3,475 cm-1; this band is significantly shifted compared to the Fe3O4 spectrum.
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Figure 4. FTIR spectra of ZIF-8, Fe3O4, and Fe3O4@ZIF-8

3.3 Adsorption kinetics 

The data points in Figure 5 depict the effect of varying the amount of GLYPi on time to reach the rapid, 
deceleration, and equilibrium adsorption stages. The rapid adsorption stage takes place over a longer period for higher 
adsorbate concentration; consequently, the deceleration and equilibrium stages start at a longer time. For example, 
adsorption of 20 mg/L GLYPi by Fe3O4@ZIF-8 requires 40 min to reach the equilibrium; meanwhile, it required 90 min 
and 120 min to reach equilibrium in adsorbing 40 and 60 mg/L of GLYPi respectively. This implies that a longer period 
was needed to adsorb a higher number of adsorbate. Furthermore, it can be noted that the adsorption capacity at a given 
time (Qt) increases at higher adsorbate concentrations. This is because the concentration gradient difference between the 
bulk solution and the adsorbent surface becomes larger at higher adsorbate concentrations.30 

The kinetic model fittings on the experimental data points were performed to quantitatively analyze the kinetics 
of GLYPi adsorption by ZIF-8 and Fe3O4@ZIF-8. Pseudo-first order (PFO), Pseudo-second order (PSO), and Elovich 
models were used for the data fittings. The mathematical expression of PFO, PSO, and Elovich is shown by eq. (4), (5), 
and (6), respectively.

(4)( )11 1 k t
t eQ Q e-= -

(5)2 2
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2 21
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t e
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Q k t
Q Q

Q k t
 

=  + 
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(6)1 1ln( ) lntQ tαβ
β β

= +

where, Qt (mg/g) is the adsorption capacity at a particular time (t, min). Qe1 (mg/g) and k1 (1/min) is the PFO constant, 
which represents adsorption capacity and rate. Qe2 (mg/g) and k2 (g/mg·min) is the adsorption capacity and rate 
according to PSO. The Elovich constant α describes the initial rate, and the constant β represents the desorption constant. 
The fitting results are depicted by the line curves in Figure 5a and 5b (for ZIF-8 and Fe3O4@ZIF-8, respectively); 
meanwhile, the derived constants and correlation coefficient (R2) resulting from the fittings are summarized in Table 
2. The adsorption kinetics behaviors of GLYPi by ZIF-8 and Fe3O4@ZIF-8 are best fitted by the PSO kinetic model, 
as indicated by greater R2. This implies that chemisorption could be the rate-limiting factor in the system.31 As derived 
from the PSO model, the adsorption rate (k2) of GLYPi by ZIF-8 and Fe3O4@ZIF-8 was lower for the adsorption system 
with higher adsorbate concentration. 

Table 2. Kinetics model parameters for GLYPi adsorption using ZIF-8 and Fe3O4@ZIF-8 as derived from PFO, PSO, Elovich, and ID model

Model Parameter
GLYPi conc. (mg/L)

20 40 60

Adsorbent ZIF-8

PFO

Qe1 (mg/g) 13.599 27.821 36.425

k1 (1/min) 0.0963 0.0724 0.0550

R2 0.9942 0.9901 0.9618

PSO

Qe2 (mg/g) 14.498 30.193 30.193

k2 (g/mg·min) 0.0107 0.0035 0.0035

R2 0.9983 0.9961 0.9961

Elovich

α (mg/g·min) 17.238 12.432 9.2104

β (g/mg) 0.5124 0.2093 0.1278

R2 0.9318 0.9336 0.9554

ID

First segment

Ci,1 (mg/g) -0.7265 -1.8132 -0.3504

ki,1 (mg/g·min0.5) 2.7213 5.0182 5.5861

R2 0.9812 0.9660 0.9395

Second segment

Ci,2 (mg/g) 8.7866 11.468 7.9362

ki,2 (mg/g·min0.5) 0.6274 2.0334 3.3575

R2 0.9951 0.9986 0.9832

Third segment

Ci,3 (mg/g) 13.645 27.155 35.197

ki,3 (mg/g·min0.5) 0.0074 0.0744 0.1468

R2 0.4611 0.2511 0.5426
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Table 2. (cont.)

Model Parameter
GLYPi conc. (mg/L)

20 40 60

Adsorbent composite Fe3O4@ZIF-8

PFO

Qe1 (mg/g) 23.461 33.127 40.800

k1 (1/min) 0.0851 0.0503 0.0397

R2 0.9931 0.9837 0.9710

PSO

Qe2 (mg/g) 25.152 37.402 45.432

k2 (g/mg·min) 0.0055 0.0020 0.0012

R2 0.9937 0.9919 0.9853

Elovich

α (mg/g·min) 11.495 8.2522 6.2489

β (g/mg) 0.3164 0.1666 0.1222

R2 0.9340 0.9582 0.9670

ID

First segment

Ci,1 (mg/g) -1.1176 -0.1573 0.0820

ki,1 (mg/g·min0.5) 2.5615 4.6914 5.4886

R2 0.9805 0.9906 0.9793

Second segment

Ci,2 (mg/g) 14.397 11.108 4.7672

ki,2 (mg/g·min0.5) 1.1524 2.5830 4.1360

R2 0.9756 0.9999 0.9933

Third segment

Ci,3 (mg/g) 23.316 33.027 37.261

ki,3 (mg/g·min0.5) 0.0305 0.0546 0.3197

R2 0.5065 0.5065 0.7594

Elovich model was originally derived to present a chemically-driven adsorption process.32 The adsorption of 
GLYPi using ZIF-8 or Fe3O4@ZIF-8 was a chemisorption process, as it is more well correlated to the PSO than PFO. 
Thus, it is reasonable to evaluate the kinetic adsorption behavior further using the Elovich model. The adsorption rate 
of a chemisorption process is typically decreased with the increase of surface coverage, where the fractional unity of 
the surface coverage occurs faster at higher adsorbate concentration. This phenomenon can be well described from the 
constant α of the Elovich model, which represents the initial rate,33-34 where the α value decreased with the increase of 
adsorbate concentration. It is worth noting that the initial adsorption rate was faster for ZIF-8 than Fe3O4@ZIF-8, as 
indicated by the higher α values. However, the desorption rate is lower from Fe3O4@ZIF-8 than ZIF, signified by lower β.
Intraparticle diffusion (ID) model fitting was performed on the GLYPi adsorption data using ZIF-8 and Fe3O4@ZIF-8. 
ID fittings were performed on Qt versus t0.5 by employing eq. (7). 

(7)0.5
, ,t i n i nQ C k t= +
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Ci,n reflects the boundary layer effect, and ki,n represents the ID rate constant. As shown in Figure 6a and 6b (for 
ZIF-8 and Fe3O4@ZIF-8, respectively), the points of Qt versus t0.5 were not linear over the investigated time, suggesting 
that ID was not the sole rate-limiting factor. Two breakpoint times (tbreak) are observed in the GLYPi adsorption using 
ZIF-8 and Fe3O4@ZIF-8, which divides the adsorption system into three rate-limiting mechanisms.35-36 The first rate-
limiting step, before the tbreak,1, corresponds to the external diffusion. The second rate-limiting step, between tbreak,1 and 
tbreak,2, is driven by ID. After tbreak,2, the third rate-limiting step correlates with the internal pore diffusion, which is a 
very slow (nearly constant) process. It can be noted that ZIF-8 has a faster external diffusion rate than Fe3O4@ZIF-8, 
as indicated by higher ki,1. However, in the ID step, the Fe3O4@ZIF-8 shows a faster rate, implying that adding Fe3O4 
enables the higher active sites. Furthermore, it was also noted that the Ci,n values for Fe3O4@ZIF-8 in each step were 
larger than ZIF-8, indicating greater adsorption affinity.37
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3.4 Adsorption isotherm

A batch adsorption experiment on a series of GLYPi at different concentrations (very low to adequately high) was 
conducted to find the maximum adsorption capacity. As shown in Figure 7, the adsorption isotherm of GLYPi on ZIF-8 
or Fe3O4@ZIF-8 is in an L-class isotherm according to classification by Giles.38 The adsorption sites of the adsorbent in 
this class tended to gradually diminish with an increasing adsorbate concentration, which was indicated by the presence 
of a plateau.33 The investigated adsorption system of GLYPi can be further classified as subgroup two, which indicates 
the monolayer tendency of the system. The effect of temperature on the adsorption was also investigated. As shown 
in Figure 7, the equilibrium uptake of GLYPi by ZIF-8 and Fe3O4@ZIF-8 increased by increasing the temperature, 
suggesting the endothermic behavior of the adsorption process.
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Figure 7. Adsorption isotherm of GLYPi on (a) ZIF-8 and (b) Fe3O4@ZIF-8. The data points indicate the experimental measurements, and the lines 
mark the isotherm model fittings

Two-parameter adsorption isotherm models were employed to quantitatively analyze the adsorption isotherm, that 
is, Langmuir, Freundlich, and Dubinin-Radushkevich model; their mathematical equations are shown by eq. (8), (9), and 
(10), respectively.
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where, Qe (mg/g) and Ce (mg/L) are the adsorption capacity and sorbate concentration at equilibrium, respectively. 
QL,max (mg/g) and KL (L/mg) represent the Langmuir adsorption capacity and affinity. KF (mg/g) is the Freundlich 
adsorption equilibrium constant, which correlated to the magnitude of surface heterogeneity (nF, dimensionless). Similar 
to that of Langmuir constants, the Dubinin-Raduskevich QDR,max (mg/g) and KDR (L/mg) represent the maximum 
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adsorption capacity and affinity, respectively.

Table 3. GLYPi adsorption isotherm model constants derived from several two- and three-parameter models

Model Parameter
Temperature (K)

303 313 323

Adsorbent ZIF-8

Langmuir

QL,max (mg/g) 41.413 41.413 58.914

KL (L/mg) 0.0988 0.0988 0.0717

R2 0.9836 0.9836 0.9910

Freundlich

KF (L/mg) 11.145 10.521 11.934

nF 3.7289 2.9876 2.9738

R2 0.9246 0.9469 0.9557

Dubinin-Radushkevich

QDR,max (mg/g) 40.002 48.272 55.235

KDR × 102 (kJ2/mol2) 1.2821 1.4658 1.4631

EDR (kJ/mol) 6.2449 5.8405 5.8458

R2 0.9829 0.9851 0.9870

Adsorbent composite Fe3O4@ZIF-8

Langmuir

QL,max (mg/g) 54.786 62.752 73.569

KL (L/mg) 0.0890 0.0876 0.0770

R2 0.9911 0.9917 0.9970

Freundlich

KF (L/mg) 13.608 13.715 13.824

nF 3.4151 3.0720 2.8011

R2 0.9513 0.9702 0.9590

Dubinin-Randushkevich

QDR,max (mg/g) 51.496 57.516 66.505

KDR × 102 (kJ2/mol2) 1.3902 1.2583 1.3754

EDR (kJ/mol) 5.9972 6.3037 6.0294

R2 0.9831 0.9590 0.9778

The fitting curve is indicated by the line passing through the experimental data points in Figure 7, and the 
calculated constants derived from the models are listed in Table 3. A reasonable agreement was obtained between 
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the experimental data and the two-parameters Langmuir model, indicated by the highest R2 value and the predicted 
maximum adsorption capacity (QJ,max) value closest to the experimental result (Qexp,max). The suitability of the GLYPi 
adsorption process with the Langmuir model suggests a homotattic behavior of the adsorbent,39 which means that the 
adsorption sites possess homogeneous energy. The energy of GLYPi adsorption in aqueous phase can be calculated as 
EDR (where, DR DR= 1/ 2 E K ) parameter from the fitting using Dubinin-Raduskevich model.40 It can be noted that ZIF-
8 and Fe3O4@ZIF-8 have similar EDR values of ~6 kJ/mol.

Thermodynamic analysis was performed on the adsorption isotherm data to evaluate (1) the spontaneity of the 
process based on the standard Gibb’s free energy change ΔG° (kJ/mol), (2) the direction of energy transfer based on 
the enthalpy change ΔH° (kJ/mol), and (3) direction of the process based on the entropy change ΔS° (kJ/mol·K). The 
calculation of ΔG°, ΔH°, and ΔS° were performed using eqs. (11) to (12).

(11)0 ln CG RT K∆ = -

(12)
0

ln C
S HK
R RT

∆ ∆
= -

where KC value is obtained by multiplying the Jovanovich equilibrium constant (KJ, mg/L) with QJ,max (mg/g), and 
adsorbent concentration (AC, g/L), according to eq. (13).

(13)J J, max CACK K Q= × ×

R is the gas constant (8.314 J/mol·K), and T is the temperature (K). The values of ΔH° and ΔS° were calculated 
as the slope and intercept from the plot of KC vs. 1/T. The calculated thermodynamic parameters for the adsorption of 
GLYPi are listed in Table 4. The negative ΔG° value indicates the spontaneity of the adsorption process. The positive 
ΔH° confirms the endothermic behavior of the adsorption process. A positive ΔS° value indicates irreversible process 
behavior, which may be correlated to the difficulty of the adsorbate desorption.

Table 4. Thermodynamic parameter for adsorption of GLYPi by ZIF-8 and Fe3O4@ZIF-8

Parameter
ZIF-8 Fe3O4@ZIF-8

303 K 313 K 323 K 303 K 313 K 323 K

Regression eq. y = -520x + 9.6 y = -1150x + 11.7

ΔG° (kJ/mol) -19.99 -20.66 -21.59 -19.93 -20.88 -21.88

ΔH° (kJ/mol) 4.32 9.57

ΔS° (kJ/mol·K) 0.08 0.10

3.5 Effect of operating conditions on the adsorption performance
3.5.1 Effect of pH

Figure 8 depicts the variation in the removal efficiency of GLYPi by ZIF-8 and Fe3O4@ZIF-8 under different pH. 
A gradual increase in removal efficiency can be observed with increasing pH, and this increasing trend continues until 
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the optimal value at pH 7 is reached. A dramatic decrease in removal efficiency then occurs at pH > 7. The ionization of 
GLYPi and the PZC of the adsorbent can explain the increasing and decreasing removal efficiency with respect to pH.31 
The ZIF-8 and Fe3O4@ZIF-8 adsorbents have a PZC of 8.8 (see results in Figure 1c), so they are positively charged at 
pH < 8.8. On the other hand, GLYPi molecules tend to become more negatively charged as the pH increases. Therefore, 
the electrostatic attraction force is expected to dominate and become stronger as the pH rises towards 8.8. Meanwhile, 
when the pH > 8.8, the adsorbent has a negative charge, causing a repulsive force and a decrease in removal efficiency. 
Furthermore, at pH > 8.8, the large number of hydroxyl anions in the solution can result in competition to occupy 
adsorption sites.
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Salt with different types of anions was selected to investigate their effect on the removal efficiency of GLYPi by 
ZIF-8 and Fe3O4@ZIF-8. The effect of different cations was not considered in this work, as they would tend to repulse 
by the positively charged adsorbent; thus, their effect can be neglected. The effect of coexisting anion of Cl-, SO4

2-, NO3
-,

and HCO3
- on the removal efficiency of GLYPi is being investigated. It was expected that coexisting anions would 

compete with GLYPi for active adsorption (binding) sites of adsorbent, resulting in an inhibitive effect on the adsorption. 
However, based on the result in Figure 9a, it can be noted that the presence of coexisting anion does not significantly 
affect the removal efficiency of GLYPi by ZIF-8 and Fe3O4@ZIF-8. A possible explanation for this result is that there 
are still unsaturated sites after GLYPi adsorption; therefore, other anions only occupy these unsaturated adsorption 
sites.41-42 Another possibility is that the adsorption of GLYPi by the adsorbent occurs via electrostatic interaction and 
physical interaction such as pore-filling.43 Thus, the coexisting anions did not exhibit a significant reducing effect.

3.5.3 Effect of repeated-cycle

The ability to be used repeatedly can imply the economic aspect of an adsorbent. The adsorbent is regenerated 
through treatment with ethanol before being reused to release the adsorbed GLYPi molecules. In preliminary 
experiments, water was tested as a regenerating solvent. However, particles from adsorbents (especially ZIF-8) tend to 
float on the water, making separating difficult. Ethanol was chosen because of its non-toxic nature, and ethanol allows 
an easy separation process from the adsorbent via centrifugation. A previous pH effect study shows that the adsorption 
efficiency of GLYPi decreases drastically when the pH is highly alkaline. Therefore, to enable better release of the 
adsorbed GLYPi, NaOH was added to increase the pH of the solution. Figure 9b shows the variation in the removal 
efficiency of GLYPi by ZIF-8 and Fe3O4@ZIF-8 after undergoing several consecutive adsorption-desorption cycles. The 
results showed that the removal efficiency decreased significantly in the first cycle. The reduction in removal efficiency 
continues to occur for each cycle observed. This may be because the GLYPi molecule cannot be completely desorbed in 
each cycle; therefore, the un-desorbed GLYPi blocks the adsorption sites and pores of the adsorbent.

3.6 Adsorption mechanism and comparison study
3.6.1 Mechanism

The N2 sorption isotherm curves of Fe3O4@ZIF-8 before and after adsorbing GLYPi are shown in Figure 10a. 
The Fe3O4@ZIF-8 exhibits a typical curve of a micro- and mesoporous material. Compared with before adsorption, 
the specific surface area (SBET) of Fe3O4@ZIF-8 had decreased, which can be attributed to adsorbed GLYPi molecules 
blocking the pores of Fe3O4@ZIF-8. After adsorption, the total pore volume (Vp) was also slightly reduced for Fe3O4@
ZIF-8. These results indicate that the adsorption of GLYPi on Fe3O4@ZIF-8 involves a pore-filling mechanism. The 
pore-filling mechanism in GLYPi adsorption has also been reported in a study by Jiang et al.,43 where biochar-supported 
nano-zero-valent iron was used as the adsorbent.

The system pH was also revealed to affect the adsorption of GLYPi (see result in Figure 8). GLYPi possesses 
three deprotonable groups with a first dissociation constant (pKa1) value of 2.2, pKa2 of 5.5, and pKa3 of 10.2, which 
corresponds to the deprotonation of H+ at the carboxylic moiety and phosphonate moiety, respectively. The gradual 
increase in removal efficiency at pH 3-7 can be correlated with the increase in the negativity of the GLYPi molecule 
due to deprotonation of the carboxylate and phosphonate moieties. The increased negativity of GLYPi increases its 
attraction to the positively charged ZIF-8 and Fe3O4@ZIF-8; the attraction interaction between GLYPi and the adsorbent 
is illustrated in Figure 10b. 
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Figure 10. (a) N2 sorption isotherm curve of Fe3O4@ZIF-8 before and after adsorbing GLYPi. (b) Electrostatic-driven interaction in GLYPi adsorption 
by Fe3O4@ZIF-8 at various pH ranges

3.6.2 Comparison of Fe3O4@ZIF-8 with other adsorbents for GLYPi adsorption

GLYPi has long been considered harmful to the environment, and its removal via the adsorption process has been 
widely reported in the literature. Evaluation of the adsorption capacity of GLYPi has been carried out using various 
adsorbent materials, ranging from natural to composite materials, as shown in Table 5. Natural-derived adsorbents (such 
as soil, biochar, and clay) exhibit low capacities for GLYPi adsorption compared to composite materials. The use of 
metal-organic frameworks (such as MIL-101 and MIL-125) exhibits significantly high GLYPi adsorption capacities, 
which is also higher than the Fe3O4@ZIF-8 composite in this study. However, comparing the solvent for synthesis and 
ease of separation, Fe3O4@ZIF-8 is still worth considering. In this case, water was used as the solvent for the synthesis, 
and the separation can be easily performed using an external magnetic field. Furthermore, Fe3O4@ZIF-8 also shows a 
moderate adsorption capacity of GLYPi.
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Table 5. Comparison of GLYPi adsorption capacity with other adsorbents

Adsorbent* pH Temp. (°C) Qmax (mg/g) Ref.

Soil 5.9 20 21.4 44

Woody biochar 5.0 20 44.0 45

Palm biochar 4.0 25 40.49 43

PCH 8.0 50 27.5 46

MIL-101(Fe) 4.0 25 239.7 31

MIL-125(Ti) 5.4 25 128.0 47

BC-NZVI 4.0 25 80 43

MnFe2O4-G 4.7 25 39 48

GO-α-γ-Fe2O3 4.0 to 10.0 15 46.8 49

ZIF-8 7.0

30 41.41

This work40 50.21

50 58.91

Fe3O4@ZIF-8 7.0

30 54.79

This work40 62.75

50 73.57

* PCH = porous clay heterostructure; BC-NZVI = biochar modified with 
nano-zero-valent iron; MnFe2O4-G = reduced graphene oxide decorated 
with MnFe2O4 microsphere; GO-α-γ-Fe2O3 = α- and γ-Fe2O3 decorated 
graphene oxide 

3.6.3 Comparison of the adsorption performance for GLYPi and Pi

Pi is an essential and irreplaceable element in agriculture; ~90% of world-mined Pi is used as fertilizer in various 
forms. The high usage of Pi-containing fertilizer has been stated to affect climate change negatively, and thus, a strategy 
for eliminating excess Pi in the environment is important. In this section, the adsorption performance of ZIF-8 and 
Fe3O4@ZIF-8 toward GLYPi is compared with the adsorption of Pi. Figure 11a compares the time needed for ZIF-8 and 
Fe3O4@ZIF-8 to adsorb between Pi and GLYPi. The adsorption of Pi proceeded faster than the adsorption of GLYPi. 
The equilibrium stage of Pi adsorption was able to reach within 20 min. Meanwhile, 40 min is required to achieve the 
equilibrium stage in the adsorption of GLYPi. The adsorption efficiency of Pi by ZIF-8 and Fe3O4@ZIF-8 is greater than 
GLYPi. It was found that 94% and 96% of Pi can be removed using ZIF-8 and Fe3O4@ZIF-8, and only 56% and 60% of 
GLYPi can be removed using ZIF-8 and Fe3O4@ZIF-8. 

Figure 11b shows the experimental maximum adsorption capacity value for the adsorption of GLYPi and Pi. It can 
be noted that the adsorbents can adsorb Pi to a greater extent than GLYPi, which can be due to the structure of GLYPi 
being more complex and bulkier than Pi; thus, the adsorption process is hampered. Furthermore, it is worth noting 
that the modification of ZIF-8 with Fe3O4 does not synergistically improve the adsorption toward Pi. In contrast, the 
adsorption capacity toward GLYPi can be increased after modification of ZIF-8 with Fe3O4.
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Figure 11. Comparison of ZIF-8 and Fe3O4@ZIF-8 for Pi (red) and GLYPi adsorption: (a) removal rate and (b) maximum adsorption capacity

4. Conclusion
Composite material constructs of Fe3O4 and ZIF-8 (Fe3O4@ZIF-8) were tested as adsorbents for removing 

GLYPi. The characterization results showed that the Fe3O4@ZIF-8 had rich oxygen-containing functional groups. The 
adsorption of GLYPi by Fe3O4@ZIF-8 was affected by contact time, solution pH, and repeated cycles. The adsorption 
kinetic analysis revealed the suitability of PSO in modeling the data, and the ID model indicated that the adsorption 
is controlled by external diffusion, internal pore diffusion, and intraparticle diffusion. The adsorption isotherm data 
correlated well with the Langmuir model, and the maximum GLYPi adsorption capacity of Fe3O4@ZIF-8 composite 
was 73.57 mg/g, which is higher than ZIF-8 (58.91 mg/g). The coexisting anion pollutants have a minimum influence 
on the adsorption of GLYpi by Fe3O4@ZIF-8. The adsorption process involves mechanisms, including pore-filling and 
electrostatic interaction. For comparison purposes, the adsorption of Pi was also investigated, and the Fe3O4@ZIF-
8 composite showed an excellent adsorption performance toward Pi with a maximum adsorption capacity three times 
higher than GLYPi. The higher affinity of Fe3O4@ZIF-8 toward Pi may lead to reduced adsorption sites toward Pi, which 
may adversely affect the adsorption of GLYPi. Overall, this study demonstrated that the Fe3O4@ZIF-8 composite is an 
effective candidate for the adsorption of Pi-containing compounds, which can be an excellent option for environmental 
cleaning. 
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