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A B S T R A C T   

Herein, a metal–organic framework (MIL-101(Cr)) was synthesized and functionalized with ethylenediamine- 
glutaraldehyde (ED-GA for removal of palladium (Pd2+) and platinum (Pt4+) from wastewater. The chemical 
structure, surface properties, morphology, and adsorption energy of the prepared materials, MIL-101(Cr) and 
MIL-101(Cr)/ED-GA were analyzed using several analytical techniques and density functional theory (DFT). The 
prepared MIL-101(Cr)/ED-GA was efficient in removing Pd2+ and Pt4+ from aqueous solution with the per
centage removal reaching 95% for Pd2+ and 85% for Pt4+. Furthermore, the adsorption data demonstrated a 
good fit to the Langmuir isotherm model and gave the maximum adsorption capacity values of 416.17 mg g− 1 for 
Pt4+ and and 322.6 mg g− 1 for Pd2+ ions. Kinetics data obeyed a pseudo-second-order model and revealed the 
rapid adsorption of Pd2+ and Pt4+ ions by MIL-101(Cr)/ED-GA which reached equilibrium within 10 and 40 min, 
respectively. Lastly, DFT studies revealed that the adsorption of Pd2+ ions by the composite forms a more 
thermodynamically stable compound than adsorption of Pt4+, suggesting that the material easily interacts with 
Pd and high selectivity is thus expected. This was indeed confirmed by experimental selectivity test results. 
Owing to their high affinity for PGMs, N atoms depicted large adsorption energy values compared to other 
adsorption sites. The MIL-101(Cr)/ED-GA could act as an efficient and cost effective adsorbent for removal of 
platinum group metals from wastewater.   

1. Introduction 

Palladium (Pd) and platinum (Pt) are the widely used luxurious 
members of the platinum group metals (PGMs) due to their exceptional 
behavior in catalysis. Consequently, their consumption increases owing 
to the advancing global economy and technology (Wasikiewicz et al., 
2007). In order to meet the intensifying demand, more research is driven 
towards the recovery and recycling of Pd and Pt from secondary sources 
such as spent adsorbent, electronic scraps and mining tailings (Nikoloski 
et al., 2015). These efforts are aimed at reducing resource wastage and 
adverse environmental impacts. Over the years, different technologies 
such as liquid–liquid extraction (Zhang et al., 2020), cloud point 
extraction (Yuanpei et al., 2012), chemical precipitation (Yousif, 2019), 

membrane separation (Fajar et al., 2021), and adsorption (Maponya 
et al., 2020) have been successfully employed in the recovery and sep
aration of these PGMs from wastewater to some extent. However, most 
of these methods have some drawbacks including generation of sec
ondary contamination, poor removal efficacy, high operational expenses 
and complexity (Göksungur et al., 2005). Amongst the explored tech
niques, adsorption technology has emerged as a better method 
employed in the removal of metal ion complexes owing to its simple 
operation, low secondary pollution, and low cost (Arora, 2019); (Dab
rowski, 2001). The adsorption method needs effective adsorbents such 
as resins (Fujiwara et al., 2007), magnetic nanomaterials (Uheida et al., 
2006), activated carbon (Snyders et al., 2014), polymer fibers (Fayemi 
et al., 2013), and metal–organic framework (MOF) materials (Lin et al., 
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2019). 
MOFs are coordinated polymers, which are made of organic linkers 

and metal ions through coordination bond. Their unique and 
outstanding characteristics include easily tunable structures, adjustable 
porosity, as well as large specific surface areas (Makhafola et al., 2021). 
This encouraged their widespread development and applications, 
including hydrogen storage (Monama et al., 2019), gas sensing (Mashao 
et al., 2019) and capturing (Mabokela et al., 2022), drug delivery (Sun 
et al., 2020), electrochemical energy storage (Teffu et al., 2022), 
wastewater treatment (Tang et al., 2022), and other fields. In the case of 
Pd and Pt adsorption, MOFs including Matérial Institut Lavoisier (MIL)- 
101, MOF-802, Universitetet i Oslo (UiO)-66 and MOF-808 have 
managed to resolve some of the current water pollution crisis. For 
instance, Lin et al. (Lin et al., 2019) studied the Pd adsorptive capabil
ities of MOF-802, UiO-66, and MOF-808 at ambient temperature. The 
authors reported that maximum adsorption capacity of MOF-808, UiO- 
66 and MOF-802 for Pd2+ were 164, 105 and 26 mg g− 1, respectively. In 
a different study, Lin and co-workers (Lin et al., 2019) studied the 
binding ability of Pt4+ on the surface of UiO-66 in an acidic medium. 
After contacting 0.01 g of UiO-66 with 100 mg L− 1 of Pt4+ solution at a 
pH of 1.0 for a day, they achieved the maximum adsorption capacity of 
144 mg g− 1. Apart from these types of MOFs, MIL-101(Cr)-type MOFs 
possess some exceptional properties and are known to be chemically and 
thermally stable because of the strong Cr-O bonding between metal ions 
and organic ligands (Leng et al., 2016); (Burrows et al., 2012). MIL-101 
(Cr) consists of Cr nodes [Cr3(OH)(H2O)2O(–CO2)6] and 1,4-dicarbox
ylic acid-type (H2BDC or BDC) ligands. Another advantage of using 
MIL-101(Cr) is that the BDC organic linker can be easily prepared from 
polyethylene terephthalate (PET) waste bottles (Ren et al., 2016). The 
successful usage of PET to synthesize MOFs offers an economically 
favourable approach for waste management. However, it has been 
shown that the unmodified MOF material has certain limitations when 
used in adsorption, including unstable structure, low adsorption ca
pacity, and poor selectivity (Luo et al., 2016). 

Therefore, the versatile groups are usually incorporated by post- 
synthetic functionalization onto the organic ligand or metal cluster 
(Wang et al., 2017). Luo et al. (Luo et al., 2015) post-modified MIL-101 
(Cr) with ethylenediamine (ED) through a benzene ring of organic linker 
site for the adsorptive removal of toxic divalent lead (Pb2+) from 
aqueous solution. The amino functional groups increased the adsorption 
capacity from 15.7 to 87.64 mg g− 1. In the recovery of PGMs, Lim et al. 
(Lim et al., 2020) used amine-functionalized MIL-101(Cr) which was 
post-synthesized from amino and nitro-functionalized MIL-101(Cr) on 
the organic linker and tested in the uptake of Pd2+ and Pt4+ ioms from 
acidic aqueous solutions. They observed that MIL-101(Cr)–NH2 per
forms much better and possessed higher adsorption capacities for both 
Pd2+ and Pt4+ than MIL-101(Cr)–NO2. However, the observed capacity 
was still low for recovery of PGMs in real life application. The post- 
synthetic functionalization of MIL-101(Cr) with glutaraldehyde (GA) 
was reported by Ragheb et al. (Ragheb et al., 2022). The GA has often 
been used as a crosslink or grafting technology due to its ease in fabri
cation and effectiveness. Chemical modification of MIL-101(Cr) with GA 
changes its morphology and structure, which in turn affects the 
adsorption properties (Luo et al., 2016). Therefore, the combination of 
ED and GA as low molecular weight molecules with a relatively small 
kinetic diameter containing the amino and carbonyl groups have the 
potential to interact with Pd2+ and Pt4+ ions. Their interaction occurs 
between the aldehyde groups of GA and amine groups of ED on the MIL- 
101(Cr) surface. This results in the formation of an extra amide group to 
provide further active sites to interact with Pd and Pt metal ions. Hence 
herein, MIL-101(Cr) was synthesized from a PET waste bottle using the 
hydrothermal method. The introduction of ED on the Cr node was pre
pared by post-synthetic functionalization of MIL-101(Cr) followed by 
further grafting with GA for additional functional groups. Then the 
obtained MIL-101(Cr)/ED-GA adsorbent was used for the first time to 
adsorb Pd2+ and Pt4+ ions from aqueous environment. The adsorption 

behavior and capacity of MIL-101(Cr)/ED-GA was investigated under 
different factor conditions. Together, the adsorption isotherms and ki
netics were studied, followed by the investigation of the potential re- 
usability of the adsorbent. 

2. Materials and methods 

2.1. Reagents and chemicals 

Chromium nitrate nanohydrate Cr(NO3)3⋅9H2O, Sigma-Aldrich, 
99.5%), ethylene glycol (HOCH2CH2OH, Sigma-Aldrich, 99.8%), so
dium hydroxide (NaOH, Sigma-Aldrich, 99.8%), hydrochloric acid (HCl, 
Sigma-Aldrich, 99.8%), ethylenediamine (C2H8N2, Sigma-Aldrich, 
99.8%) and glutaraldehyde (C5H8O2, Sigma-Aldrich, 99.8%) were 
used as received. PET bottles were collected from the University of 
Limpopo dining Hall, Polokwane, South Africa. Upon removing caps, 
rings, and labels, the bottles were cut and shaped into smaller chips. 

2.2. Synthesis of MIL-101(Cr)/ED-GA 

The synthetic procedures were conducted in a 100 mL Teflon-lined 
hydrothermal reactor (Laboratory Supplies, South Africa) (Ren et al., 
2016). BDC was prepared from a PET waste bottle (Scheme 1). Briefly, 
3.00 g of PET flakes and 6.00 mL ethylene glycol (EG) were placed into 
the reactor together with 60.00 mL H2O. The reaction vessel was heated 
and kept at 210 ◦C for 8 h. The resultant white particles were separated 
by centrifuge, prior to washing with ethanol, then followed by drying at 
100 ◦C over night in an oven. 

Chromium-based MIL-101 as shown in Scheme 1, was synthesized 
based on the reported procedure (Shafiei et al., 2018). Approximately, 
4.00 g of Cr(NO3)3⋅9H2O salt and 1.66 g of H2BDC were suspended in 
deionized H2O. and subsequently stirred for 15 min prior to ultra-sonic 
mixing for 0.5 h. The reaction mixture was put into an autocleavable 
reactor and kept in an oven for 8 h at 220 ◦C. The resulting product (MIL- 
101(Cr)) was filtered, washed and dried under 100 ◦C. 

The grafting with ED as indicated in Scheme 1was done under 
refluxing by dispersing 0.50 g of the prepared MIL-101(Cr) in anhydrous 
toluene (50.00 mL), then added ED (1.00 mL). After 12 h, the obtained 
brown ED@MIL-101(Cr) precipitates were separated by vacuum filtra
tion, followed by washing with ethanol and finally allowed to dry at 
60 ◦C over night. 

Preparation of the glutaraldehyde grafted ED@MIL-101(Cr) (Scheme 
1) was perfomed by suspending 0.50 g of ED@MIL-101(Cr) in 50.00 mL 
of glutaraldehyde solution. The reaction suspension was kept under 
stirring for 24 h at 25 ◦C. Then, MIL-101(Cr)/ED-GA particulates were 
separated by vacuum filtration and dried at 60 ◦C for overnight. 

2.3. Characterizations 

Structural studies of MIL-101(Cr)/ED-GA with reference to MIL-101 
(Cr) were deduced from X-ray diffraction Phillips 1830 instrument with 
a wavelength (λ) peak positioned at 1.54 Ã…. Functional groups eluci
dation and Fourier transform infrared (FT-IR) spectroscopic studies were 
explored from the Agilent Cary 600 Series, Spectrum II PerkinElmer. The 
Brunauer-Emmett-Teller (BET) isothermal curves were analysed using 
Micromeritics Tristar 300, where the samples were first degassed at 
180 ◦C for 4 h prior to nitrogen gas adsorption–desorption. Perkin-Elmer 
STA 6000 instrument was used to study the thermal properties of the 
samples under N2 gas ejected at 20 mL min− 1. The surface morphology, 
elemental analysis, and mapping were probed by using FE-SEM (Auriga 
Cobra focused-ion beam scaning electron microscopy fitted with energy 
dispersive X-ray (EDS), operated at 200 keV. 

2.4. Sorption experiments 

The pH studies were investigated from 1.00 to 6.00 for Pd2+ and 
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Pt4+at 100 mg L− 1 and 50.0 mL volume using HCl and NaOH for ad
justments. The effects of initial concentrations on Pd2+ and Pt4+ sorption 
by MIL-101(Cr)/ED-GA were explored from 50 to 400 mg L− 1 at 25 ◦C.. 
Kinetics experiments were assessed with an optimum adsorbent amount 
and pH, of 0.03 g and pH of 3.0 for Pd2+; and 0.02 g and pH of 4.0 for 
Pt4+. The remaining concentrations of Pd2+ and Pt4+, before and after 
adsorption were determined from the ultraviolet–visible (UV–Vis) 
spectroscopy (Lambda 365 UV/Vis Spectrophotometer, (PerkinElmer, 
Johannesburg, South Africa)). The removal efficiency of the composites 
was deduced from Equation (1): 

%removal =
(

C0 − Ce

C0

)

X100 (1)  

Co and Ce (mg L− 1) are the original and equilibrium concentrations of 
metal ions. The adsorption equilibrium adsorption capacity was esti
mated using the following equation: 

qe =

(
C0 − Ce

m

)

V (2)  

where qe (mg g− 1) is the quantity of metal ion adsorbed per unit mass of 
MIL-101(Cr)/ED-GA at equilibrium. m (g) and V (L) denote the amount 
of MIL-101(Cr)/ED-GA, and the volume of metal ion solution. Regen
eration and reusability of the MIL-101(Cr)/ED-GA adsorbent were 
investigated by stirring the prepared adsorbent in a solution containing 
6 M HCl solution after the adsorption. This was followed by thorough 
washing with deionized water prior to the subsequent cycle. 

2.5. Simulation setup 

All density functional theory (DFT) calculations were carried out 
using the Dmol3 code module of the Material Studio software. The ge
ometry optimization was computed using the exchange-correction 
functional of the Perdew-Berke-Ernzerhof (PBE) functional. Localized 
electron double numerical basis sets with polarization functions were 
used to enhance a set of numerical atomic orbitals. The structural 
optimization and energy calculation parameters’ convergence condi
tions of maximum energy and force tolerance of 1.0105 Ha and 2.010 
Ha/Å, respectively. A maximum displacement tolerance was set to 
5.0103 Å. In order to determine the adsorption stability of palladium 
(Pd) and platinum (Pt) on MIL-101(cr)/ED-GA, adsorption energies 
were computed as given in Equation (3): 

Eads. = EMIL− 101(Cr)/ED− GA/molecule −

(

EMIL− 101(Cr)/ED− GA +
1
2
Emolecule.

)

(3)  

Where, EMIL− 101(Cr)/ED− GA/molecule, EMIL− 101(Cr)/ED− GA and 12Emolecule are the 
total energies of MIL-101(Cr)/ED-GA/molecule, MIL-101(Cr)/ED-GA 

and molecules (palladium and platinum) structures. Fig. 1 depicts the 
atomic structure of MIL-101(Cr)/ED-GA with the binding energy of 
− 8.820 Ha. 

3. Results and discussions 

3.1. Structural characterizations 

Fig. 2(a) represent the FT-IR spectra for MIL-101(Cr) and MIL-101 
(Cr)/ED-GA. The IR spectra demonstrated characteristic bands 
assigned to the benzene-carboxylates vibrations at 1510 and 1414 cm− 1 

for C = O and C-O bonding in the carboxylates (Abroudi et al., 2022). 
The band at 1631 cm− 1 is due to the C = C of the benzene ring and the 
observed peak at 674 cm− 1 is associated with Cr-O vibration (Zhuo et al., 
2017). With the addition of ethylenediamine-glutaraldehyde, the peak 
intensities of C = O at around 1510 cm− 1 decreased. The characteristic 
bands attributed to the amine and amide group in MIL-101(Cr)/ED-GA 
were seen at 3221 cm− 1 for N-H stretch, 2944 cm− 1, and 1357 cm− 1 

for C-H and C-C stretching of the aliphatic CH2 group, 1554 cm− 1 for N- 
H bend and 1052 cm− 1 for C-N stretch of the amide group in 
ethylenediamine-glutaraldehyde (Abroudi et al., 2022); (Modrow et al., 
2012); (Jalayeri et al., 2020). In addition, a new peak appeared at 506 
cm− 1 which is assigned to the N-Cr vibrations indicating the successful 
preparation of MIL-101(Cr)/ED-GA. 

Fig. 2(b) shows the XRD patterns of the prepared MOF samples ob
tained in the range of 5–80 2θ degrees. The diffraction pattern for MIL- 
101(Cr) revealed characteristic peaks at 5.59◦, 8.63◦, 9.25◦, 9.90◦, 
10.6◦, 11.7◦, 16.8◦, 17.6◦, 18.2o, and 19.2◦ which correspond with the 
reported studies (Zhuo et al., 2017); (Vo et al., 2020); (Anılır et al., 
2020). In comparison to the MIL-101(Cr)/ED-GA patterns, it was seen 
that post-synthetic functionalization has some effect on the symmetry of 

Scheme 1. Preparation of MIL-101/ED-GA from waste PET bottle.  

Fig. 1. Present the atomic structure of MIL-101(Cr)/ED-GA.  
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the crystal as the diffraction peaks broadened. However, the framework 
of the MIL-101(Cr) was not destroyed as the major characteristic peaks 
were still observed on the MIL-101(Cr)/ED-GA patterns. This was 
further supported by determining the amount of MIL-101(Cr) crystal
linity in the MIL-101(Cr)/ED-GA using Vegard’s law (Jacob et al., 2007). 
The calculated value for the lattice period parameters (a = b = c) was 
68.0 Å and gave 75.1% crystallinity. The reduced crystallite size in MIL- 
101(Cr)/ED-GA was also calculated at 2θ degrees using the Debye- 
Scherrer formula (Somo et al., 2021) shown by Equation (4) and 
found to be 6.1 nm. 

D =
0.9λ

βCosθ
(4) 

The BET analyses of MIL-101 and MIL-101(Cr)/ED-GA are depicted 
by Fig. 3(a)-(c). As illustrated in Fig. 3(a,b), MIL-101(Cr) and MIL-101 
(Cr)/ED-GA possessed type I isotherm curves, which suggest the pres
ence of microporous structure of the adsorbents. The steep slope is 
resulting from the slow adsorption of N2 by the smaller microporous 
cavities of MIL-101(Cr) (Hasan et al., 2013); (Hu et al., 2017). The initial 
steep slope is then followed by a narrow hysteresis loop in pressures 
between 0.25 < P/P0 < 0.95, signifying mesopores with uniform pore 
size distribution. Oppositely, Fig. 2(b) shows that N2 struggles to 
penetrate the pores of MIL-101(Cr)/ED-GA at lower P/P0 values. This 

can suggest that the material is dominated by very small pores and thus 
the diffusion is very slow. In both cases, however, an abrupt increase in 
the N2 amount is noted when P/P0 is higher than 0.9. In addition, the 
surface area of MIL-101(Cr) was measured as 308.73 m2 g− 1 with a pore 
volume of 0.122 cm3 g− 1. For MIL-101(Cr)/ED-GA, the values decreased 
to 3.476 m2.g− 1 and 0.026 cm3 g− 1 with the introduction of 
ethylenediamine-glutaraldehyde on to MIL-101(Cr) surface. This in
dicates that ethylenediamine-glutaraldehyde took up the pores of the 
framework and hinder the diffusion and adsorption of N2 (Abroudi et al., 
2022). 

Thermogravimetric analysis of MIL-101(Cr) and MIL-101(Cr)/EDGA 
were done to investigate their thermal stability (Fig. 3(d)). Two degra
dation steps were observed in both materials as depicted by the TGA 
plots in Fig. 3(d). The results were supported by differential thermal 
analysis (DTA) curves seen in Fig. 4(a)-(c) for MIL-101(Cr) and MIL-101 
(Cr)/ED-GA. The TGA in Fig. 2(d) and DTA (Fig. 4(c)) comparison 
thermograms showed an enhancement in the thermal stability of MIL- 
101(Cr)/ED-GA. The TGA and DTA were supported by DSC curves 
which displayed endothermic peaks at 100 ◦C for water loss and 
exothermic peaks at 400 ◦C (MIL-101(Cr)) and 480 ◦C (MIL-101(Cr)/ED- 
GA) for degradation of the framework (Fig. 4(d)). The curves exhibited 
an intense exothermic peak at 92 ◦C for crystallization transition with 
changes in enthalpy (ΔH) of 2.46 and 2.82 kJ g− 1 for MIL-101(Cr) and 

Fig. 2. (a) FTIR and (b) Diffractograms for MIL-101(Cr) and MIL-101(Cr)/ED-GA.  
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MIL-101(Cr)/ED-GA, respectively. The endothermic peak in MIL-101 
(Cr)/ED-GA was detected at 272 ◦C with ΔH of 0.821 kJ g− 1 for disin
tegration of ED and glutaraldehyde on the surface whereas MIL-101(Cr) 
had an endothermic peak at 382 ◦C with ΔH = 0.782 kJ g− 1 for 

degradation of organic linker (Lim et al., 2020). In addition, there were 
small exothermic peaks at around 500 ◦C with ΔH = 0.789 and 2.00 kJ 
g− 1 for MIL-101(Cr) and MIL-101(Cr)/ED-GA, respectively. 

Fig. 3. BET measurement of (a) MIL-101 and (b) MIL-101(Cr)/ED-GA (inset: Pore diameter measurement). (c) Comparison BET isotherms and (d) TGA curves of MIL- 
101(Cr) and MIL-101(Cr)/ED-GA. 

Fig. 4. TGA/DTA curves of (a) MIL-101(Cr), and (b) MIL-101(Cr)/ED-GA. (c) DTA and (d) DSC of MIL-101 and MIL-101(Cr)/ED-GA.  
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3.2. Morphological characterizations 

The SEM image of the MIL-101(Cr) in Fig. 5(a) possessed discrete 
octahedron shapes with clear edges and corners, consistent with previ
ous reports (Luo et al., 2015). Most crystals were made of uniform sur
face morphologies and some are split or lack angles. The octahedron 
shapes had a smooth surface with the majority of the particles having a 
size of 100–40 nm (Fig. 5(b)). The EDS spectrum of the MIL-101(Cr) 
presented in Fig. 5(c) revealed that the sample is composed of C, O, 
and Cr (the presence of small peaks of Al is accredited to the aluminium 
grid used SEM preparation procedure). The inset in Fig. 5(c) showed the 
relative contents of C, O, and Cr in the MIL-101(Cr) which were deter
mined to be about 77.6, 20.1, and 1.4 at.%, respectively. The SEM image 
of the MIL-101(Cr)/ED-GA in Fig. 5(d) clearly demonstrated that its 
shape and morphology are similar to those of the MIL-101(Cr) with some 
increment in large particle size (Fig. 5(e)). Endorsing that the crystalline 
structure of MIL-101(Cr) r unchanged after incorporating ED and GA as 
seen in the XRD above. Nonetheless, the structural porosity of MIL-101 
(Cr) decreased after the incorporation of GA due to the growth of the 
polymer chain with ED and GA. Fig. 5(f) and Fig. 6 shows the EDS 
spectrum and representative images of the MIL-101(Cr)/ED-GA with 
corresponding elemental mappings. The presence of C, O, Cr, and N 
elements was observed in the EDS spectrum in Fig. 5(f). 

The system of spectral lines for distribution of elements in EDS is 
unique and characteristic for each element and therefore, can be used to 
study the chemical composition of micro-samples. It should be noted 
that the atoms, for instance carbon, nitrogen and oxygen as shown in 
Figs. 5 and 6, they have only two shells filled with electrons. The 
emissions in EDS for these atoms are only from the K series. Therefore, 
the excitation energy of the K series for such elements is very small, 
resulting in all peaks are overlapping in the low-resolution portion at 
low energy of EDS spectrum. On the other hand, chromium consists of 
the K, L, M and N series. The distribution of Cr showed distinct char
acteristic peaks of Kα and L series with clear chromium spectral lines at 
both low and high energy level of the EDS. As presented in Fig. 6(a-h), 
the corresponding elemental mapping distributions also showed the 
existence of C, O, Cr, and N elements. The EDS technique is mostly used 

for qualitative analysis of materials but is capable of providing semi- 
quantitative results as well. Herein the experimental values to 
compare with the theoretical composition of standard MIL-101 func
tionalized with ED followed by grafting with GA. The estimated mo
lecular formula of Cr3C60O20N6, the presence of hydrogen was ignored 
because it can not be detected by EDS. The theoretical composition was 
determined to be 12.19, 56.25, 25.00 and 6.56 wt% for Cr, C, O, and N 
element, respectively. The experimental composition as shown in Fig. 6 
(h) was 5.92 wt% for Cr, 67.49 wt% for C, 23.58 wt% for O and 3.01 wt 
% for N. There was slightly different to the theoretical composition due 
to the semi-quantitative analysis using EDS. Remarkably, the atomic 
percentage for theoretical and experimental values were almost similar. 
For example, the chromium was found to be 3.31 At.% using EDS which 
was in agreement with the theoretical one of 3.37 At.% and nitrogen 
measured to be 8.84 At.% as compared to the theoretical composition of 
6.74 At.%. This behaviour of high N content in term of atomic per
centage was expected. The estimated molecular formula of the prepared 
material has two nitrogen of ED where one ED molecule binds with one 
open Cr site making six N to three Cr. From the EDS spectra and maps, it 
was seen that the elements are uniformly distributed over the MIL-101 
(Cr)/ED-GA, confirming the homogeneity of the samples. The increase 
in the amount of C and N elements was due to the presence of ED and GA 
chain, thus confirming the uniform incorporation of ED and GA chain 
into the porous MIL-101(Cr) framework. The obtained morphological 
and structural characterizations of the synthesized materials indicated 
the presence of reactive species in the MIL-101(Cr)/ED-GA. This clearly 
suggests that the adsorption of Pd2+ and Pt4+ ions on the MIL-101(Cr)/ 
ED-GA will arise from the electrostatic interaction of these ions with the 
reactive species on the surface. Hence in this work, the removal of Pd2+

and Pt4+ ions from contaminated aqueous solutions using MIL-101(Cr)/ 
ED-GA as a novel adsorbent was investigated. 

3.3. Computation studies 

The atomic structures of Pt and Pd adsorption on MIL-101(Cr)/ED- 
GA at various sites are shown in Fig. 7, to investigate the interaction 
behaviour of Pd and Pt ions with MIL-101(Cr)/ED-GA. This was 

Fig. 5. (a) SEM image, (b) particle size distribution and (c) EDS spectrum of MIL-101(Cr) MIL-101(Cr)/ED-GA. (d) SEM image, (e) particle size distribution and (f) 
EDS spectrum of MIL-101(Cr)/ED-GA (Inset: elemental analysis in atomic percentage). 
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established by the investigation of the adsorption configuration and 
energy characteristics. Different adsorption sites were considered for 
both ions to determine the strongest interaction. All the adsorption en
ergies were found to be negative except for Pt interaction with the C 
atom at GA sites. For Eads. < 0 implies that the interaction of Pd or Pt is a 
thermodynamically favourable and spontaneous reaction, and vice 
versa. In addition, a relatively large negative adsorption energy value 
implies a stronger adsorbing strength and more stability. The adsorption 
energy of Pd on N atoms (ED) was found to be − 2851.29 kJ mol-1 while 
the Pt was adsorbed with Eads. = -291.431 kJ mol-1. The bond lengths of 
2.828 Å and 2.854 Å for Pd-N and Pt-N, respectively. The adsorption 
energy of Pd ion on the O atom GA site is high (-36.75 kJmol-1), which is 
more than two times that of the Pt adsorption (-13.12 kJ mol-1). This 
indicates that the adsorption of Pd or Pt on the N atom (ED) and O atom 
(GA) is energetically stable. This suggests that the adsorption of Pd or Pt 
ions on MIL-101(Cr)/ED-GA is more favourable and encourages the 
experimental investigations as given in the next section. 

3.4. Adsorption results 

3.4.1. Influence of pH and adsorbent dosage 
The original solution pH directly influences the intake of Pd2+ and 

Pt4+ ions by MIL-101(Cr)/ED-GA. Depending on the pH value, the 
reactive groups can either be protonated or deprotonated to 

electrostatically interact with metal ions that are present in the solution 
(Wang et al., 2017). Fig. 8(a) depicts the influence of solution pH on the 
uptake of Pd2+ and Pt4+ ions by MIL-101(Cr)/ED-GA. The results show 
that the removal percentage for both Pd2+ and Pt4+ increased with 
increasing pH from 1.0 to 4.0 and decreased beyond 4.0. The optimum 
pH value was obtained as 3.0 for Pd2+ and 4.0 for Pt4+. This behavior is 
attributed to the higher degree of protonation occurring in acidic media 
on the N and O of the amide groups on the MIL-101(Cr)/ED-GA surface 
as shown in Equations (5) and (6) (Fujiwara et al., 2007): 

O = CH − NH + H+ + Cl− → O = CH − NH+
2 + Cl− (5)  

HN − CH = O + H+ + Cl− → HO − CH = NH+ + Cl− (6) 

Moreover, in lower pH values of HCl the dominating species of the 
PGMs are anionic chlorocomplexes which can interact with the MIL-101 
(Cr)/ED-GA through electrostatic interaction with the protonated amide 
groups through the mechanisms shown in Equation ((7)–(10)) (Zhou 
et al., 2010): 

2RNH+
2 Cl− + PtCl2−

6 ↔
(
RNH+

2

)

2PtCl2−
6 + 2Cl− (7) 

2RNH+Cl− + PtCl2−6 ↔ (RNH+)2PtCl2−6 + 2Cl− (8) 

2RNH+
2 Cl− + PdCl2−

4 ↔
(
RNH+

2

)

2PdCl2−
4 + 2Cl− (9) 

Fig. 6. Elemental mapping of MIL-101(Cr)/ED-GA, (a) light, and (b) grey images, (c)-(f) mapping image of carbon, nitrogen, oxygen, and chromium elements, 
respectively. (g) EDS spectrum and (h) tabulated atomic weight percentages of MIL-101(Cr)/ED-GA. 
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2RNH+Cl− + PdCl2−
4 ↔ (RNH+)2PdCl2−

4 + 2Cl− (10) 

In addition, the pH drift method was employed to assess the point of 
zero charge (PZC) which was used to further deduce the possible 
interaction of MIL-101(Cr)/ED-GA with Pd2+ and Pt4+ ions as presented 
in Fig. 8(b). The attained values of PZC for Pd2+ and Pt4+ are 4.4 and 5.5, 
respectively. These results suggest that more adsorption is occurring 
below the PZC values as a result of electrostatic interaction between 
MIL-101(Cr)/ED-GA and metal ions. The results are in good correlation 
with the achieved optimum pH. Furthermore, the IR spectra of MIL-101 
(Cr)/ED-GA after the adsorption of Pd2+ and Pt4+ were obtained and 
compared with the spectrum before adsorption and the results are 
depicted in Fig. 8(c). From the results, the interaction of Pd2+ with MIL- 
101(Cr)/ED-GA was noted by the reduction in the intensity of the C-N 
vibration at 1052 cm− 1 and the disappearance of the N-H peaks at 1554 
cm− 1. In the case of Pt4+, the adsorption was confirmed by the broad
ening of the 1554 cm− 1 peak as well as the enhancement of the peak at 
1288 cm− 1 which is due to the N-H vibration of the amide group. These 
results confirm the successful interaction of MIL-101(Cr)/ED-GA with 
Pd2+ and Pt4+ ions. 

The influence of the amount of MIL-101(Cr)/ED-GA on the removal 
of Pd2+ and Pt4+ ions was investigated by varying the amount of 
adsorbent dose from 0.01 to 0.0.07 g for Pd2+ and 0.005–0.05 g for Pt4+

(Fig. 8(d)). The results for Pd2+ showed an increase in the removal 
percentage (%R) with an increase in the MIL-101(Cr)/ED-GA dose and 
the equilibrium was reached at 0.03 g. For Pt4+, an increase in the %R 
was observed from 0.005 to 0.02 g of MIL-101(Cr)/ED-GA followed by a 
decrease as the dosage amount was increasing. The trends for Pt4+

removal by MIL-101(Cr)/ED-GA suggest that when more material is 

added there is a limited collision between adsorbate and adsorbent, 
hence in this work the optimum dose was taken as 0.02 g. 

3.4.2. Adsorption isotherms 
The equilibrium adsorption experiments for Pd2+ and Pt4+ ions 

removal by MIL-101(Cr)/ED-GA are shown in Fig. 9(a). The results 
revealed that the experimental adsorption capacity of MIL-101(Cr)/ED- 
GA is increasing with an increase in the initial concentrations from 50 to 
400 mg L− 1 for both Pd2+ and Pt4+ ions. To deduce the mode of 
adsorption, the obtained data were fit to the nonlinear Langmuir and 
Freundlich isotherm models given by the following Equations (11) and 
(12), respectively. 

qe
qm

=
KLCe

1 + KLCe
(11)  

qe = KFC1/n
e (12)  

with qm (mg g− 1) representing the Langmuir maximum adsorption ca
pacity. The Langmuir and Freundlich constants are denoted by KL (L 
mg− 1) and KF (mg g− 1), respectively. The results obtained from the 
nonlinear fittings revealed that both Pd2+ and Pt4+adsorption data fitted 
well with the Langmuir isotherm model as the correlation coefficients R2 

values were closer to one than those predicted by the Freundlich 
nonlinear fittings (See Table 1). These observations were further sup
ported by the linear fittings of the data to the two isotherm models 
which are given by Equations (13) and (14) and the results are shown in 
Fig. 9(b) and (c). The R2 value predicted by the linear Langmuir model 
was 0.9821 for both Pd2+ and Pt4+ which was higher than 0.7913 and 

Fig. 7. Depicts the atomic structures and adsorption energies for Pd and Pt adsorption on MIL-101(Cr)/ED-GA;: (a) Pd-N1 on the Cr site, (b) Pt-N1 on the Cr site, (c) 
Pd-N2 of the amide bond, (d) Pt- N2 of the amide bond, (e) Pd- O of the GA, (f) Pt- O of the GA. Both Pd and Pt ions are depicted by the green atom in each structure. 
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0.8526 for Pd2+ and Pt4+, respectively, which were depicted by the 
Freundlich model. This behavior suggests that the adsorption of Pd2+

and Pt4+ by MIL-101(Cr)/ED-GA is through a monolayer. 

Ce

qe
=

1
qmKL

+
Ce

qm
(13) 

Fig. 8. (a) pH effect on the removal of Pd2+ and Pt4+ ions by MIL-101(Cr)/ED-GA (b) PZC of MIL-101(Cr)/ED-GA. (c) FTIR spectra of MIL-101(Cr)/ED-GA before and 
after Pd2+ and Pt4+ ions uptake. (d) MIL-101(Cr)/ED-GA dose effect on Pd2+ and Pt4+adsorption. 

Fig. 9. (a) Equilibrium adsorption and nonlinear isotherm data for the removal of Pd2+ and Pt4+ ions by MIL-101(Cr)/ED-GA. (b) Langmuir isotherm linear curve (c) 
Linear curve of the Freundlich isotherm model. 
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lnqe = lnKF +
1
n

lnCe (14) 

Furthermore, the maximum adsorption capacity (qm) of the func
tionalized MIL-101(Cr)/ED-GA towards Pd2+ and Pt4+ ions were 
determined from the linear form of the Langmuir isotherm model and 
obtained as 322.6 mg/g for Pd2+ and 416.7 mg/g for Pt4+. These results 
show that MIL-101(Cr)/ED-GA has a higher affinity for PGMs as the 
values are higher than those reported in the literature as shown in 
Table 2. Additionally, the Langmuir isotherm model is associated with a 
dimensionless parameter called the separation factor denoted by RL. 
This constant assists in deducing the favorability of the adsorption 
process and is determined by the below Equation (15). 

RL =
1

1 + KLC0
(15) 

For the adsorption process to be favorable, the RL values should be 
greater than zero but less than one (0 < RL > 0.1). The calculated values 
suggest that the adsorption of Pd2+ and Pt4+ on the surface of MIL-101 
(Cr)/ED-GA is favorable since RL = 0.0695 and 0.1546 (see Table 1). 

3.4.3. Adsorption kinetics 
The influence of contact time on the adsorption of Pd2+ and Pt4+

metal ions by MIL-101(Cr)/ED-GA was also assessed in order to get an 
insight into the adsorption process. The experiments were conducted at 
an initial concentration of 100 mg L− 1 at 25 ◦C for both Pd2+ and Pt4+. 
From the results presented in Fig. 10(a), there is an increase in the 
adsorption capacity for both Pd2+ and Pt4+ ions with an increase in 
contact time. In addition, the MIL-101(Cr)/ED-GA demonstrated fast 
kinetics for the adsorption Pd2+ which reached equilibrium after 20 min 
as compared to the kinetics for Pt4+ which equilibrated after 60 min. The 
data obtained from kinetics experiments were then used to establish the 
rate of adsorption and other adsorption kinetics parameters, by fitting it 
to the nonlinear and linear forms of the pseudo-first-order (PFO) and the 
pseudo-second-order (PSO) kinetic models determined using the 
following Equations: 

dqt
dt

= k1(qe − qt) (16)  

dqt
dt

= k2(qe − qt)
2 (17)  

ln(qe − qt) = ln⋅qe − k1t (18)  

t
qt

=
1

k2q2t
+

1
qe

t (19)  

where k1 (min− 1) represents the PFO rate constant and k2 (g mg− 1 

min− 1) denotes the PSO rate constant. 
The experimental observations were supported by PSO rate constant 

k2 values which were obtained as 2.603 x10− 3 g mg− 1 min− 1 for Pd2+

and 3.46 × 10− 4 g mg− 1 min− 1 for Pt4+ determined from the nonlinear 
fittings, respectively (see Table 3). The data was further fit to the linear 

Table 1 
Isotherms data of MIL-101(Cr)/ED-GA after the adsorption of Pd2+ and Pt4+

metal ions.  

Isotherm modelsPd2+Pt4+

Pd2+ Pt4+

Langmuir   
Linear   
qm 322.6 416.17 
KL 0.0670 0.0273 
RL 0.0695 0.1546 
R2 0.9821 0.9821 
Non-linear   
Best-fit values   
qm 308.3 414.4 
KL 0.08948 0.02875 
Std. Error   
qm 7.977 22.97 
KL 0.01165 0.005892 
95 % Confidence Intervals   
qm 288.8 to 327.8 358.2 to 470.6 
KL 0.06097 to 0.1180 0.01433 to 0.04316 
Goodness of Fit   
Degrees of Freedom 6 6 
R2 0.9794 0.9513 
Absolute Sum of Squares 906,1 3144 
Sy.x 12.29 22.89 
Number of points   
Analyzed 8 8  

Freundlich   
Linear   
KF 76.42 21.266 
N 3.708 1.836 
R2 0.7913 0.8526 
Non-linear   
Best-fit values   
KF 85.29 64.48 
N 4.09 3.1 
Std. Error   
KF 15.41 20.6 
N 0.6522 0.6246 
95 % Confidence Intervals   
KF 47.58 to 123.0 14.08 to 114.9 
N 2.495 to 5.686 1.572 to 4.628 
Goodness of Fit   
Degrees of Freedom 6 6 
R2 0.9052 0.8539 
Absolute Sum of Squares 4162 9443 
Sy.x 26.34 39.67 
Number of points   
Analyzed 8 8  

Table 2 
A comparison of the adsorption capacity of Pd2+ and Pt4+ metal ions by MIL-101 
(Cr)/ED-GA with reported literature.  

Adsorbent Pt4þ

qm 

(mg/g) 

Pd2þ

qm 

(mg/g) 

Experimental 
conditions 

Refs 

Calcined aluminum 
hydroxide gels 

23.9 23.4 pH 5.0, 20 mg, 
20 mg/L 

(Fumihiko 
and 
Kawasaki, 
2013) 

ED/Chitosan NPs 171 138  pH 2.0, 50 mg, 
60 mg/L   

(Zhou et al., 
2010)  

bayberry tannin 
collagen fiber 
membrane 

41.7 27.5 pH 3.0 and 4.0, 
100 mg, 50 mg/L 

(Ma et al., 
2006)  

mGO@SiO2@PPy- 
PTh 

50 45 pH 4.5, 19 mg, 
0.2 mg/L 

(Jalilian 
et al., 2017) 

GLA-PEI@ algal 
biomass beads 

100 120 pH 2.5, 50 mg, 
50 and 40 mg/L 

(Wang et al., 
2017) 

L-lysine/Chitosan 129.26 109.47 pH 1.0 and 2.0, 
100 mg, 100 mg/ 
L 

(Fujiwara 
et al., 2007) 

MIL-101(Cr)–NH2 140.7 277.6 pH 1.0, 10 mg, 
200 mg/L 

(Lim et al., 
2020) 

MIL-101(Cr)–NO2 104.5 119.5 pH 1.0, 10 mg, 
200 mg/L 

(Lim et al., 
2020) 

quaternary 
ammonium-Zr4+

metal–organic resin 

245.7 123.2 pH 7.5, 200 mg/ 
L, 10 mg   

(Chen et al., 
2021)  

Polystyrene 
nanofiber/EDAbead 

7.4 4.3 pH 1.0, 10 mg/L, 
150 mg   

(Fayemi 
et al., 2013)  

Glycine/chitosan 
resin 

122.47 120.39 pH 2.0, 330 mg, 
100 mg/L 

(Ramesh 
et al., 2008) 

MIL-101 (Cr)-GA 416.17 322.6 pH 3.0 and 4.0, 
200 mg/L, 20 mg  

This work  
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pseudo 1st and 2nd order kinetic models (see Fig. 10(b) and (c)). The 
results showed a better fit of data to the 2nd order for both Pd2+ and Pt4+

adsorption by MIL-101(Cr)/ED-GA with the R2 values of 0.9997 and 
0.9918, respectively. This behavior implies that the rate-limiting step is 
the chemisorption mechanism wherein, the removal of Pd2+ and Pt4+

ions from an aqueous solution is through physicochemical interaction 
with the surface of the MIL-101(Cr)/ED-GA (Zhou et al., 2009); (Robati, 
2013). The data was validated by fittings on the Weber and Morris intra- 
particle diffusion model given by Equation (20) (Maponya et al., 2020). 

qt = kit0.5 +C (20)  

with ki (g mg− 1(min− 1)0.5) and C (mg g− 1) denoting the rate constant 
measured and intercept associated with the thickness of the boundary 
layer, respectively. As depicted in Fig. 10(d), the adsorption of both Pd2+

and Pt4+ ions by MIL-101(Cr)/ED-GA is controlled by two steps. Step 
one which is the intra-particle diffusion, it is the rate-limiting and is 
rapid for Pd2+ adsorption with ki = 28.36 g mg− 1(min− 1)0.5than for Pt4+

where ki = 19.04 g mg− 1(min− 1)0.5. 

3.4.4. Selectivity and reusability tests 
The selectivity of the adsorbent towards the targeted pollutant is a 

vital parameter in the adsorption process. For assessing the selectivity of 
the MIL-101(Cr)/ED-GA towards the uptake of Pd2+ and Pt4+ ions, the 
different molar ratios of Pd2+/Pt4+ (25–100 mg L− 1) solutions were 
prepared and contacted with 25 mg of MIL-101(Cr)/ED-GA at a pH of 
3.5 and a temperature of 25 ◦C for 24 h. From the acquired results 
represented by Fig. 11(a), MIL-101(Cr)/ED-GA showed the highest af
finity towards the adsorption of Pd2+ than Pt4+. The removal percentage 
of Pd2+ was still above 95 % after varying the concentration of Pt4+. 

Fig. 10. (a) Kinetics experimental data and nonlinear fittings. Linear fitting of Pd2+ and Pt4+ data to the pseudo (b) 1st –order and (c) 2nd order. (d) Intra-particle 
diffusion model. 

Table 3 
Kinetics data on the adsorption of Pd2+ and Pt4+ ions by MIL-101 (Cr)/ED-GA.  

Kinetic models 1st -order 2nd –order  

Pt4þ Pd2þ Pt4þ Pd2þ

Linear     
qe 182.5 105.0 181.8 158.7 
k1 or k2 0.0858 0.1662 0.001415 0.006168 
R2 0.9216 0.9654 0.9918 0.9997 
Non-linear     
Best-fit values     
qe 165 150.5 191.5 159.9 
k1 or k2 0.05371 0.2576 0.000346 0.002603 
Std. Error     
qe 2.795 3.247 4.437 2.329 
k1 or k2 0.003425 0.03484 0.00003838 0.000308 
95% Confidence 

Intervals     
qe 158.9 to 

171.0 
143.3 to 
157.6 

181.9 to 201.1 154.8 to 
165.0 

k1 or k2 0.04631 to 
0.06110 

0.1809 to 
0.3343 

2.6x10− 4 to 
4.3x10− 4 

1.9x10− 3 to 
3.3x10− 3 

Goodness of fit     
Degrees of 

Freedom 
13 11 13 11 

R2 0.9877 0.9509 0.989 0.9847 
Absolute Sum of 

squaresSquares 
528.1 1018 474 316.1 

Sy.x 6.373 9.619 6.038 5.361 
# of points 

analyzed 
15 13 15 13  
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Conversely, the removal percentage of Pd2+ ions demonstrated a sig
nificant decrease with an increase in the amount of Pd2+. These results 
suggest that MIL-101(Cr)/ED-GA is more selective towards the adsorp
tion of Pd2+ ions than Pt4+ and they are in good correlation with the 
kinetics data which revealed fast kinetic of Pd2+ ions. 

In addition to the ideal properties of the adsorbent material, another 
aspect to consider is the regeneration and the reusability of the adsor
bent. The reusability of the MIL-101(Cr)/ED-GA adsorbent was inves
tigated for 5 consecutive cycles and regeneration was done using 6 M 
HCl. Fig. 10(b) revealed that the removal percentage for Pd2+ and Pt4+

ions by MIL-101(Cr)/ED-GA decreased with an increase in the number of 
cycles. This may be attributed to the over-oxidation of the ED and 
glutaraldehyde chain leading to the disruption of the active sites 
(Maponya et al., 2020). However, the removal percentage was still 
above 70% from the 3rd to the 5th cycle on the adsorption of Pt4+. For 
the adsorption of Pd2+ ions, the removal reduced to <70 % starting from 
the 4th cycle. In addition to these preliminary results, the desorption 
procedure can further be investigated and improved to validate the 
potential utilization of the prepared MIL-101(Cr)/ED-GA material. 

3.4.5. Structural stability 
In order to evaluate the roles of the structural stability of the pre

pared MIL-101(Cr)/ED-GA in the adsorption process of Pd and Pt, FTIR 

and XRD analyses were carried before, after adsorption and desorption. 
The results are shown in Fig. 12. As can be seen from Fig. 12(a) and (b), 
beside the classical and well-known bands of C–O stretching vibrations 
and CN stretching of the amide bond, some broaden of bands appeared 
after adsorption which are very close to the observations made above. 
After desorption, the vibrations were similar to the FTIR of the adsorbent 
before adsorption indicating that the structural properties of the mate
rial were maintained. These observation was in agreement with the XRD 
before and after desorption which showed a related patterns as seen in 
Fig. 12(c) and (d) for Pd and Pt removal by MIL-101(Cr)/ED-GA, 
respectively. 

4. Conclusion 

In this work, the focus was on synthesizing MIL-101(Cr)/ED-GA to 
efficiently remove precious metal Pd2+ and Pt4+ ions from an aqueous 
solution. The successful synthesis of MIL-101(Cr)/ED-GA was confirmed 
by the FTIR with the appearance of the amide bond vibrations at 1554 
and 1052 cm− 1 owing to the interaction of ED and GA end. The results 
showed that more Pd2+ and Pt4+ ions were removable in acidic media 
whereby they exist as anion complexes. The isotherm data revealed that 
MIL-101(Cr)/ED-GA has a higher capacity for Pt4+ than Pd2+ with 
values of 416.17 and 322.6 mg g− 1, respectively. However, MIL-101 

Fig. 11. (a) Selectivity test of MIL-101(Cr)/ED-GA towards Pd2+ and Pt4+ adsorption. (b) Reusability of MIL-101(Cr)/ED-GA.  
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(Cr)/ED-GA displayed higher affinity for Pd2+ since its removal % was 
more than 95%. Furthermore, the rate of Pd2+ adsorption by MIL-101 
(Cr)/ED-GA was more rapid and resulted in the high selectivity of the 
ions in the presence of Pt4+. In addition, DFT results showed that the 
adsorption of Pd2+ ions through the N atoms is more thermodynamically 
favoured than the adsorption of Pt4+as given by the higher binding 
energy value of -2851.29 kJ mol-1. Therefore, MIL-101(Cr)/ED-GA 
demonstrated great potential in terms of recovering both Pt4+ and 
Pd2+ from industrial wastewater. 
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