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Abstract: Simple 1,3,5-benzene tricarboxylic acid (BTC) linkaged metal organic frameworks (MOFs) with four different metal 
nodes namely Ga, Zr, Al and Cu were prepared by solvo-hydrothermal technique. These BTC MOFs were well characterized by 
adsorption-spectroscopic techniques to establish their structural, morphological and chemical characteristics. The unique and 
advantageous properties of MOFs such as micro crystallinity, microporosity and high surface area were responsible for their high 
adsorptive capacities in the removal of toxic heavy metal ions from aqueous solutions. Among the four different MOFs studied 
Ga-BTC MOF was recognized as a high potential and selective material for removal of heavy metal ions over the rest of the 
MOFs. It displayed greater selectivity for the adsorption of Pb2+ions with  a maximum adsorption capacity of 976 mg g-1 even 
without any specific N or S containing functional groups or magnetic component. The adsorption studies were carried out by 
estimating the amounts of heavy metal ions adsorbed by ICPOES analysis and confirmed from SEM-EDX data. It further 
exhibited reusability for 5 cycles with its structure remaining intact as observed from the XRD patterns. 
Keywords: BTC, MOF, heavy metal ion, adsorption, ICPOES, SEM-EDX. 
 
INTRODUCTION 
Environmental degradation is a major global concern today resulting in the decline in the quality of natural 
environmental elements primarily air, soil and water which in turn is detrimental affecting the natural habitat in 
terms of the health, well-being and even responsible for the extinction of certain species.  Mankind is extremely 
impacted by high pollutant concentrations viz., volatile organic pollutants, heavy metal ions and the plastic waste 
from human activity majorly from industries, creating havoc in terms cancerous and many other diseases that affect 
the metabolism and quality of life in humans. Heavy metal ions are non-biodegradable and have high adsorption 
capacity in biological systems, hence can easily penetrate into the food chain through the marine life. The 
concentrations of these ions beyond 5 g/cc itself are considered as toxic but many industrial effluents can have 
concentrations of these ions as high as ppm [1]. The heavy metal ions beyond this limit can cause high risk health 
hazards such as cancer, organ damage, obstructing the development and growth, destruction of nervous system, 
kidneys and brain, causing various autoimmune diseases such as rheumatoid arthritis as well [2]. Industries dealing 
with alloys, ceramics, plastics, glassware, lead-acid batteries, antiknock agents etc., are in general the main sources 
from where lead comes out as one of the major pollutants in the effluent streams[3]. While anthropogenic sources 
of mercury are the metal extraction processes, Hg vapor lamps, electrical equipment, dental filling, scientific 
instruments and pharmaceuticals[4]. Excess of lead in water/oil can be highly fatal. While excess amounts of mercury 
can cause minamata disease, intestinal disorders, urinary problems, paralysis etc. [5]. The common sources of Cd 
are known to be from mining, refining, food and fertilizers [6]. Cadmium in excess amounts cause health problems 
such as itai-itai disease, neurodegenerative disorders and cancers [7]. They also contaminate the environment by 
various means such as causing soil, air and water pollution destroying both flora and fauna. These heavy metal ions 
can reach to the bottom of the food chain causing high levels of toxicity in fish and other sea foods too Toxic metal 
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ions may be removed from environmentally polluted matrices by various physico-chemical methods such as ion-
exchange, precipitation, ultrafiltration using membranes and adsorption [8]. Among these methods reported, 
adsorption is a preferable and efficient method [9] due to the ease of operation, small quantities of materials used 
that can remove large quantities  of heavy metal ions over adsorbents of high surface area and porosity that are 
highly efficient in the removal of toxic metal ions. Several carbonaceous, silica based, metal oxides, polymers, clays 
and zeolitic materials have been explored in this regard [10-12]. MOFs are versatile, robust and highly tunable 
materials that exhibit possess high surface area, porosity and metal ion nodes and organic linkers that are also 
selective in adsorbing the toxic metal ions through electrostatic and other non-covalent interactions[13-16].  
 
MOFs are known to exhibit exceptional adsorption properties mainly by four different means viz., surface 
adsorption, pore infiltration, adsorption through covalent interactions and encapsulation adsorption of molecules 
[17]. The metal ion nodes that act as coordinately unsaturated sites as well as the functional groups of the organic 
linkers are the main target sites for the adsorbates. The potential of MOFs as adsorbents depends on the 
coordination ability of metal ion and interactions of organic linkers with the adsorbates [18]. Several MOFs were 
reported as potential adsorbents for the removal of toxic heavy metal ions and further that are either functionalized 
in general with N or S containing ligands [19, 20] or composites of MOFs with magnetic materials such as Fe3O4 
exhibited much higher adsorption capacities of heavy metal ions [21, 22]. MOFs viz., UiO-66-NH2[23], TMU-31 
[24], thiazole functionalized Zn-MOF [25], Zr-MOF [26] are reported to show high removal efficiency of Pb(II) ions 
from aqueous medium. While nFe3O4@MIL-88A(Fe) [27] and TMU-5 [28] were very selective in adsorbing Cd(II) 
ions. Hg(II) ions were reported to have been removed efficiently by Fe3O4 - JUC-62 [29], thiazole functionalized Zn-
MOF [25], UiO-66-NHC(S) [30], thiol-Cu-BDC MOF [31] and TMU-31[24]. The present report is a study of toxic 
heavy metal ions removal from aqueous solutions using simple BTC based MOFs. Influence of various parameters 
such as pH, contact time and concentration of the metal ions on the removal efficiency of MOFs were also studied 
in detail for exploring the maximum adsorption capacities of MOFs under study.  
 
EXPERIMENTAL DETAILS 
 
Materials used  
All the chemicals used in this study were of Sigma-Aldrich (India) make and were used as supplied without any 
further purification. The chemicals used are gallium nitrate trihydrate, copper nitrate trihydrate, zirconium chloride, 
aluminium nitrate nona hydrate, N,N-dimethyl formamide, ethanol, methanol, acetone, acetic acid and 1,3,5-
benzene tricarboxylic acid (BTC).  
Synthesis of MOFs 
Cu-BTC MOF is prepared [32 ] using benzene-1, 3, 5-tricorboxylic acid (4.91 g, 0.0234 mol) dissolved into ethanol 
and DMF mixture (1:1) (25mL) and Cu (NO3)2 .3H2O (10.86g, 0.0466 mol) was dissolved into water (25mL). The 
two solutions were mixed at ambient temperature for 30 min, and transferred into an auto clave heated at 85℃, 
under hydrothermal conditions for 24 h. The blue crystals obtained after cooling the autoclave were isolated by 
decanting the mother liquor, washed with DMF. Ethanol was used for solvent exchange followed by drying the 
product under vacuum for 6h at 170 ℃. The Cu-BTC MOF in the final  form was obtained as deep purple crystals. 
While the Ga-BTC MOF, was synthesized [22 ] from a mixture of Ga (NO3)2.6H2O (0.4172 g) and BTC (0.2522 g) 
in 12 mL DMF. The reactants were magnetically stirred and heated for 10 h at 100 °C. The mixture was cooled to 
the room temperature .The mixture was centrifuged (8000 rpm, 5 min) and the obtained white precipitate was 
washed with DMF three times.  
Zr-BTC was obtained [33] by dissolving 0.1165 g (0.50 mmol) of ZrCl4 and 0.0353 g (0.168mmol) of 1,3,5-
benzenetricarboylic acid in 2.8 ml of acetic acid and 5 ml of N,N-dimethylformamide. The mixture was stirred for 
15 minutes at ambient temperature before subjecting it to hydrothermal treatment at 120℃ for 24 hours. The 
cooled mixture was filtered, washed with DMF, acetone and methanol and finally activated at 200℃ for 2 hours. 
Al-BTC MOF was synthesized by the solvothermal method [34] using a precursor of aluminium nitrate nano hydrate 
(0.047 g, 2 mmol) and BTC (0.630 g, 3 mmol) in DMF (30 mL) kept without stirring at 130 °C for 72 h in a Teflon-
lined autoclave. The autoclave was then cooled to ambient temperature, and the solid obtained was separated by 
centrifuging it at 6000 RPM for 5 min. Then it was washed with DMF under sonication for 10 min, followed by 
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washing with methanol at ambient temperature. Further it was washed with hot (70 °C) methanol for 5 h and dried 
under vacuum at 80 °C overnight.  
 
Characterization of MOFs 
All the as synthesized MOFs were investigated by various techniques viz., XRD, sorption studies, UV-DRS, FT-IR, 
DTA/TG, PL, SEM-EDX and XPS.  X-ray diffractograms were recorded on a Rigaku Miniplex X-ray diffractometer 
with an X-ray source as Ni filtered Cu Kα radiation (λ = 0.15418 nm)  and the samples were scanned at a speed of 
2° min-1 and from scan 5-80° at 40 kV and 20 mA. While the sorption studies were carried out a Micromeritics 
ASAP 2010 instrument at liquid nitrogen temperature and the surface areas were evaluated using BET-equation 
and also pore size and pore volume of the MOFs were also derived from the sorption studies. A Perkin Elmer STA 
6000 Instrument was employed for recording TGA curves from room temperature to 800 °C at the rate of 20 °C 
min-1 in nitrogen flow. UV–Vis diffuse reflectance spectra (UV DRS) were obtained on a JASCO V650 UV–Visible 
spectrophotometer in the wavelength range of 200–800 nm equipped with a dual D2/W lamp for UV-visible range 
recording and a photomultiplier R357U tube with a metal alkali photocathode detector. SEM -EDS data were 
recorded using JEOL, JSM—6390LV and Oxford XMX N instrument. A Thermo Nicolet iS50 with inbuilt ATR, 
Thermo Fisher Scientific instrument was used for FT-IR spectra of all the samples by KBR pellet method. XPS 
analysis of all the MOFs was carried using Mg K radiation on a KRATOS-AXIS 165 instrument.  
 
Adsorption of heavy metal ions over MOFs 
Removal of heavy metal ions viz., Pb3+, Hg2+ and Cd2+ from aqueous matrix was studied by preparing their respective 
salt solutions of different concentrations (mg/L). About 50 mL of these solutions individually were taken in batches 
and ~10mg of each MOF was soaked separately and stirred on a magnetic stirrer at room temperature. The samples 
at different time intervals were collected and submitted for ICPOES analysis. The solution was filtered to remove 
the MOF material which was then dried in an oven and submitted for SEM-EDAX analysis. The ICPOES analysis 
gave the remaining amount of heavy metal ions present in the solution while the EDAX analysis showed the actual 
amount of heavy metal ion adsorbed on the surface of MOF. The tests were conducted for four different BTC based 
MOFs synthesized and characterized. Effect of pH was studied at different pH conditions for maximum adsorption 
of metal ions over MOF materials. The %removal efficiency of the heavy metal ions was calculated using the 
equation:  

% removal efficiency = 
C0−Ct

C0
 x 100 where C0 is the initial concentration of the heavy metal ions taken before 

adsorption and Ct is the remaining concentration of the heavy metal ions after adsorption at time ‘t’.  
 
RESULTS AND DISCUSSION 
Powder X-ray diffraction analysis  
Figure 1 represents the powder X-ray diffractograms of the four different BTC linkage MOFs synthesized. All the 
BTC MOFs showed distinguished diffraction peaks in the range of 10-30º that are characteristic of MOFs [35]. Ga-
MOF showed the diffraction lines specifically that correspond to the orthorhombic crystal structure [36] while Cu-
MOF exhibited peaks corresponding to FCC structure with the MOF phase that matched with JCPDS no. 00-062-
1183 [37].  Al BTC peaks were observed at 6.7°, 10.3°, 11.6°, 13.5°, 14.7°, 19.3°, 25.9° and 28.9° that are assigned 
to the (200), (220), (222), (400), (331), (440), (731), and (751) miller planes respectively (ICDD#00-062-1183 
[35]. Two prominent peaks observed in case of cubic crystalline Zr BTC MOF were at 8.32° and 8.69° ascribed to 
the (311) and (222)  planes [38]. There was a shift in the main diffraction peaks from Cu-MOF to Zr-MOF and the 
extent to which the peaks shifted was in the increasing order of atomic radii from Cu2+ to Zr4+ [35]. The structural 
disorder was greater with the increase the atomic radii of the metal ions. However, all the MOFs have shown high 
crystallinity, with the crystallite size nearly the same in nano range (table 1).  
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Figure 1: XRD patterns of the MOFs 
 

Table-1: Crystallographic and structural characteristics of MOFs 
 

MOFs 
BET-
SA  
(m2g-1) 

Average 
Pore radius 
(nm) 

Pore 
volume 
(cc/g) 

Crystallite 
Size (nm) from 
XRD 

Cu-BTC  1099 0.89 0.56 13.1 
Ga-BTC 1017 0.62 0.46 12.4 
Al-BTC  1321 0.82 0.59 11.9 
Zr-BTC 902 0.97 0.94 13.3 

 
N2 Sorption studies 
All the four BTC MOFs showed a type-1 adsorption isotherm (as per IUPAC) (fig. 2). The MOFs are microporous 
in nature as can be deduced from the type of adsorption isotherm and a sudden rise in adsorption above P/P0 of 
0.05 itself. They exhibited high specific surface areas as presented in table 1.  However, they also possess certain 
amount of mesopores as well. Al MOF showed higher surface area owing it to the presence of certain mesopores 
indicating greater thermal stability of this MOF [39]. The pore radii of the MOFs were found to be in the range 
of 0.6-1.0 nm.  Ga MOF exhibited the narrower pores among all the other MOFs studied. These MOFs had certain 
portion of mesopores as well with Al MOF containing more mesopores than the rest three M-MOFs. 
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Figure 2: N2 sorption isotherms of  a) Ga b) Zr c) Al d) Cu MOFs 

 
Thermogravimetric analysis 
The thermogravimetric profiles of MOFs in general are reported and observed to undergo three transitions of 
weight loss: 
i). First stage of weight loss is due to the physisorbed water molecules, the percentage of which varied with type of 
MOF both in terms of the metal ion and organic linker. 
ii). A second stage loss was corresponding to the trapped up solvent species which also was different from metal 
to metal and ligands present in the MOF. 
iii). The last stage of weight loss the corresponding temperature is indicative of the stability of the MOF where in 
the organic linkers start decomposing and leaving the structure to deform.  
Upon further heating beyond this stage a burial of MOF could be seen with final transformation to  its 
corresponding metal oxide.  
All the MOFs under current study are BTC ligand based and hence have similar patterns of TG curves (fig. 3) yet 
each varied in terms of the shape of the curves as temperature range and extent of weight loss differed from one 
another with the different metal ions of MOFs studied viz., Ga3+, Zr4+, Al3+ and Cu2+.   
 In the TG pattern of Ga MOF, the first weight loss occurred from RT upto 50 °C that was attributed to about 
2.2 water molecules per metal ion associated with the MOF [36].The second stage of loss in weight at 50-150 °C 
was reported as to the loss of 0.8 DMF molecules per a metal  unit accounted for about 17.4% of total weight loss. 
And the final loss was about 43.3% with the decomposition of the BTC ligand from 400 °C above which the 
structure collapses to form its oxide, Ga2O3.  
A 26.5% loss of mass due to the release surface adsorbed water and solvent molecules below 300 °C  in case of Zr 
MOF [40]. A further heating led to a loss of 43% of weight in the range of 450-600°C ascribed to the breakdown 
of the organic linker, trimesic acid.  
The characteristic features observed in case of Al MOF are the two stages of weight loss at 270–320 °C and 500–
650 °C  respectively corresponding to the solvent molecules adsorbed in the pores and disintegration of the MOF 
network structure with the BTC linker decomposition [41]. This profile indicates the high thermal stability of Al 
MOF over other M MOFs studied here. Cu-BTC MOF exhibited a first stage weight loss ~8% owing to the loss 
of physisorbed water and solvent molecules while the second corresponding to a loss of 20% in the temperature 
range of 200-350 ºC and the last stage weight loss of 9% above 320 ºC due to the loss of organic linker molecules 
and the decomposition of the MOF material respectively. [42].  
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Figure 3: TG Curves of MOFs 

 
3.4. SEM-EDX Results 
All the MOFs as synthesized showed polyhedron morphology with some variations in the size and shape of the 
particles in general. The morphology of Ga-BTC particles was of octahedral and dodecahedral shaped with an 
average particle size  10 m.  While the particles of Zr BTC were more defined and of octahedral morphology 
whose size ranged below 10 m.  The Cu-& BTC crystals form cubo-octahedral and trapezoidal structures with Al 
MOF whose particles being more uniform and definite while Cu MOF particles were of variable lengths, width 
and size of faces as noticed from the SEM images (fig.4). The images indicate MOF particle size in between 5-10 
m. EDX results (fig.4) confirm the elemental composition of the MOFs and the composition in wt.% is presented 
in the inset figures of EDX spectra of the MOFs.   
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Figure 4: SEM-EDAX images of MOFs - a) &b) Ga; c) & d) Zr; 

e) & f) Al; g) & h) Cu 

3.5 FT-IR analysis 
The IR spectrum of Al MOF (fig.5) showed bands at 1574 and 1505 cm-1 due to the symmetric stretching of -COO 
group of BTC linkers while the asymmetric ones appear at  1443 and 1397 cm-1 [38]. The stretching bands of free 
BTC inside the pores are reported in the range 1730-1650 cm-1 that disappear on activation. The bending and 
stretching modes of bridging hydroxyl groups are further shown to have appeared at 1630 and 3607 cm -1 
respectively [43]. Zr BTC MOF showed vibrational modes ~650 cm-1 and 757 cm-1 of Zr-O indicating a strong 
coordination of carboxylic acid group of the trimesic acid with the Zr ion [44]. Further, the characteristic peak of 
-COOH group of BTC ~1700 cm-1 which was attributed to the physisorbed carboxylic acid group in the 
framework. The rest of the pattern showed signals similar to the rest of MOFs corresponding to the presence of 
organic linker BTC. Ga-BTC IR spectra was similar to the rest of the MOFs pertaining to the frequencies of 
vibrations of the benzene-1,3,5-tricarboxylic acid linker that is common to all the M-MOFs in the study. The IR 
spectrum of Cu-BTC exhibited vibrational bands at 480 and 720 cm−1 corresponding to the stretching and 
bending modes of Cu–O are observed (fig. 5) while the characteristic bands of BTC were observed from 800–1150 
cm−1 assigned to the stretching modes of O–C=O and C–O with the bending modes in between 660–760 cm−1. 
Strong Peaks at 1375, 1432 and 1625 cm−1 also correspond to the carboxylic group of the BTC linker [45] 
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Figure 5: FT-IR spectra of MOFs 

3.6. Raman Spectral Data analysis 

 
Figure 6: Raman spectra of MOFs 
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In the Raman spectra of fig. 6, the modes of vibration of C=C in the benzene ring of the BTC linker were seen as 
a strong and intense band at 1100 cm−1 and a weak band ~1500 cm−1 [46]. Apart from these a band at 780 
cm−1 was also noted corresponding to the out of plane C-H bending vibration of the aromatic ring. Broad bands 
were obtained in between 300-400 cm-1 which were reported to be associated with metal-O stretching vibrations. 
Further the presence of D-and G-bands ascribed to disordered structure and to the vibrations sp2 carbon atoms of 
the organic linker, BTC of the MOF [46, 47]. A peak around 210 cm-1 was ascribed to the Raman mode of Ga-O 
indicating the presence and interaction of Ga3+ with the organic linker, BTC [48].  The other characteristic 
vibrations of the ligand BTC that was described in case of Ga BTC MOF are of low intensity in the spectrum. 
While the Al MOF showed the generally observed Raman modes of the BTC as discussed above seen as low 
intensity peaks in this spectrum. A broad peak in the range of 200-300 cm-1 probably suggests the linkage of Al3+ 
with the terephthalic acid linker in the MOF. A similar conclusion can be made from the Zr MOF Raman spectra 
which only exhibited a broad peak in between 200-300 cm-1. The characteristic Cu-O and Cu-Cu peaks were 
observed in the range of 200-270 cm-1 in case of Cu BTC MOF. While a low intensity peak at 450 cm-1 could be 
ascribed to the vibrational stretching modes of Cu-O . The C-H bending modes of the phenyl group of the organic 
linker can be seen ~600-1200 cm−1 [49].  
 
3.7. UV-DRS analysis 
A technique used to analyze the optical properties of solid and powdered samples by measuring how much light 
they reflect across the ultraviolet and visible wavelengths. UV-DRS measure the diffuse reflectance of a sample as 
a function of wavelength. UV-DRS is useful for studying the electronic structure, band gap energy of crystals. The 
absorption bands (fig. 7) can be observed between 200-300 nm for Zr BTC MOF while Al BTC, Ga BTC and Cu 
BTC show from 200-600 and 200-800 nm respectively. The absorption bands between 200-300 nm corresponds 
to the π−π* and n- π* transitions exhibited by ligand BTC and due to Ligand to Metal Charge Transfer (LMCT) 
[50]. The extended absorption around 700 nm in case of Cu-BTC MOF is due to the d-d transitions of the Cu2+ 
ions. Ga and Al-MOFs also exhibited a broad absorption band beyond 400 nm upto 600 nm. 
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Figure 7: UV-DRS spectra of MOFs 

 

 
 

 

Figure 8: UV-DRS Tauc Plots of MOFs 

 

The Kubelka-Munk equation was applied to estimate the bandgap energy (Eg) of MOFs: 
(αh)2 = A(h-Eg)n/2 
where α, h, υ, and A are the diffuse absorption coefficient, Planck’s constant, light frequency, and constant, 
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respectively.  

It may also be obtained by Eg = 
𝟏𝟐𝟒𝟎


 

The bandgap values from figure 8 and absorption wavelengths indicate that Zr BTC MOF has greater absorption 
in UV region while Al, Ga and Cu BTC MOFs showed shift in their absorption wavelengths extended to visible 
region as indicated by their bandgaps as well. 
 
3.8. XPS Results 
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Figure 9: XPS spectra of Al 2p, Cu 2p, Ga 2p, Zr 3d, C1s and O1s of the MOFs 

 

Figure 9 represents the XPS spectra of the various elements present on the surface of the MOFs under study. Al 
2p peak was obtained at a B.E. of 75 eV suggesting the Al3+ state of the element in Al MOF [51]. Zr 3d is split into 
Zr 3d5/2 and Zr 3d3/2 appearing at ~182 and 185 eV respectively separated by nearly 3 eV indicative of Zr-O and 
Zr interacted to carboxylate group [52]. While Ga 2p peak can be seen at a B.E. of 1117 eV which shows Ga3+ 
presence in Ga MOF [53]. The O 1s of all these MOFs showed a broad peak which may be deconvoluted to  eV 
attributed to O2- in the crystal structure of the MOFs [54]. This peak shifted to slightly higher B.E. in case of Ga 
MOF. Cu 2p1/2 and Cu 2p3/2 signals were observed at 935.5 and 955.3 eV (fig. 8)  which are due to Cu(II) in Cu 
BTC MOF which further exhibited two satellite peaks at ~ 964.5 eV and ~942 & ~945 eV respectively [55]. The 
other signals at ~933.5 and ~954 eV are attributed to Cu 2p3/2 and Cu 2p1/2 in Cu(I) form. 
 
Adsorptive removal of toxic heavy metal ions by MOFs 
Batch Adsorption studies  
Toxic heavy metal ions viz., Pb2+, Hg2+, Cd2+, Sn4+ and Sb5+ removal from aqueous solutions of their respective salts 
(section 2.1) was studied over the MOFs synthesized. Different concentrations of the heavy metal ion solutions (in 
ppm) were prepared in this regard. MOFs having a high surface area, are highly potential adsorbents that can 
remove high concentrations of the toxic heavy metal ions. Adsorption of heavy metal ions is both by means of 
physical as well as chemisorption over MOFs materials which is another added advantage as efficient material for 
the removal of these metal ions. Adsorption process is dependent on factors such as temperature, pH, contact 
time, concentration the adsorbates and nature of adsorbents viz., amount, surface area and particle size taken.  
 
Effect of pH on the removal efficiency of heavy metal ions over MOFs 
In the present study firstly, Ga BTC MOF  prepared was tested for adsorption of lead ions at different 
concentrations in the range of 20-400 ppm at an optimized pH of 5. pH optimization was done over Ga BTC 
MOF at different pH conditions ranging from 1-7. A maximum adsorption was observed at pH 5 (fig. 10) when 
20 ppm of Pb2+ solution was tested over Ga BTC MOF, thus it was chosen as the optimum pH condition for rest 
of the studies carried out in this work. pH affects the adsorption efficiency greatly. It was observed that low pH 
(high acidic)/high pH (high basic) condition is not favorable for the adsorption of lead ions. It is reported [56] 
that the pH should be greater than the isoelectric point of MOF which results in a net negative charge on MOF 
that enhances the electrostatic interaction between the surface metal nodes of MOF with the heavy metal ions and 
thus in their increased adsorption capacity of heavy metal ions. At lower pH the H3O+ can compete with the heavy 
metal ions thus lowering their adsorption capacity while at higher pH, the adsorption can be lowered with a 
possible precipitation of the heavy metal ions as hydroxides [57]. Thus, pH 5 is chosen as optimum condition for 
the heavy metal ions removal over the MOFs. 
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Figure 10: Effect of pH on the Pb2+ removal on Ga BTC MOF 

 
Various heavy metal ion removal over Ga-BTC MOF (effect of nature of adsorbate) 
Figure 11 represents the adsorption of various heavy metal ions taken in 100 ppm concentration,  studied over 
Ga BTC MOF at room temperature. The selective adsorption of heavy metal ions was observed in the order of 
Pb2+ > Hg2+ > Cd2+ > Sb5+ > Sn4+ indicating that Ga BTC MOF exhibited higher efficiency and more selective 
towards lead ions as compared to other heavy metal ions. Pb2+ions are border line Lewis acids while mercuric and 
cadmium ions are soft Lewis acids. Sb5+ and Sn4+ions are known to be hard Lewis acids. The electrostatic 
interactions and chelation with organic linkers that are possible adsorption mechanistic routes for the removal of 
heavy metal ions over MOFs indicate that adsorption efficiency is based on the extent of interactions 

 

 
Figure 11: Heavy metal ion removal over Ga-BTC MOF 

 
 

Pb(II), Cd(II) and Hg(II) removal over various BTC MOFs 
The lead ion removal by adsorption was studied over 10 mg of the four different BTC MOFs prepared with a 20 
ppm concentration of the lead nitrate solution. The study represented in figure 12 clearly indicates Ga BTC MOF 
to show higher efficiency in the selective adsorption of lead ion. This was followed by Zr BTC, Al BTC and least 
with Cu BTC. Thus, Ga BTC MOF was studied further for the adsorption of lead ion of higher concentration 
upto 400 ppm.  
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Figure 12: Pb2+ ion removal over various BTC MOFs 

 
 
A similar study was carried out with 100 ppm aqueous solution of Cd2+ over 10 mg each of the four MOFs prepared 
(fig.12). The adsorption capacity or the removal efficiency of MOFs was in the order: Ga-BTC > Zr-BTC   Cu 
BTC  Al-BTC MOFs. A maximum of 64% removal efficiency was seen over Ga-BTC catalyst indicating selective 
adsorption of Cd2+ over Ga-BTC. Since, the organic linker is the same in all the MOFs, it implies that the 
interaction of cadmium ions with Ga3+ metal ion nodes is greater as compared to Zr4+, Al3+and Cu2+ metal nodes.  
 
 

 
Figure 12: Cd2+ adsorption over various BTC MOFs 
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Figure 13: Hg2+ adsorption over various BTC MOFs 

 
Figure 13 is a plot of removal efficiency of Hg2+ vs various BTC MOFs when a 100 ppm of aqueous solution of 
mercuric ions was subjected to adsorption over 10 mg of these MOFs. The highest adsorption capacity/removal 
efficiency of mercuric ions is exhibited by Ga-BTC MOF with a maximum removal efficiency of 75% followed by 
63% removal efficiency by Al-BTC while the rest two MOFs showed nearly the same removal efficiency ~58%.  
 
Effect of initial concentration and contact time on the removal efficiency of heavy metal ions over Ga-BTC 
MOF 
A detailed study of adsorption of lead ions over Ga-BTC MOF which showed highest removal efficiency and 
selective adsorption towards lead ions was carried out varying the amounts of adsorbents, adsorbate and contact 
time (time interval for adsorption).  The effect of concentration of lead ions on the adsorption efficiency of MOF 
is studied over Ga BTC MOF in the range of 20-400 ppm. A 100% removal efficiency was observed over Ga MOF 
upto 200 ppm while about 50% efficiency was seen with 400 ppm of Pb2+solution.  Table 2 below shows the 
variation of adsorption efficiency with the concentration of heavy metal ion solution over Ga BTC MOF. The 
effect of contact time as shown in fig. 14 for the adsorption of lead ions over Ga BTC MOF clearly indicates that 
maximum adsorption takes place within 60 min. of time and there after it is just the same and no further noticeable 
adsorption takes place. The same has been observed with the study of mercuric and cadmium ions adsorption over 
Ga-BTC and the rest of the other three BTC MOFs studied. Thus, all further studies with respect to variation in 
concentration of the adsorbates (heavy metal ions) and amounts of MOF taken were studied for 4-5 h adsorption 
and a constant % removal efficiency of the heavy metal ions is obtained.  
 

Table 2: Variation in adsorption efficiency with concentration of heavy metal ions over 
Ga-BTC MOF 

Pb+2/ Cd+2/ Hg+2 

Concentration 
(ppm) 

% Pb+2 
Adsorption over 
Ga BTC 

% Hg+2 
Adsorption over 
Ga BTC 

% Cd+2 
Adsorption over 
Ga BTC 

20 100 75.10 85.35 

40 99.07 71.23 80.75 

60 97.95 67.34 76.81 

80 99.22 64.76 71.67 

100 98.81 60.45 64.1 

200 97.55 30.12 28.78 
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400 49.09 15.18 14.52 

 
Figure 14: Effect of contact time on the adsorption efficiency of Pb2+, Cd2+ & Hg2+ ions over Ga-BTC MOF 

Adsorption Kinetics 
The adsorption data of lead ions over Ga-BTC MOF is studied further by substituting the data into various kinetic 
models and plots to understand the behaviour this heavy metal ion adsorption over MOFs. Studies on adsorption 
of heavy metal ions over different adsorbents reported by various investigators mainly have taken the Langmuir-
Hinshelwood model with both pseudo first order as well pseudo second order kinetic plots verified.  
The linear form of the pseudo first order rate equation is given by  
ln(q

e 
– q

t
) = lnq

e
 – k

1
t  

while the linear form of the pseudo second order rate equation is  
𝐭

𝐪𝐭
  =  

𝟏

𝐤𝟐𝐪𝐞
𝟐 + 

𝟏

𝐪𝐞
t  

where qe is the amount of heavy metal ions adsorbed at equilibrium in (mg g-1); qt is the amount heavy metal ions 
adsorbed at any time t in (mg g-1); t is the time in min.; k1 is the pseudo first order rate constant (min-1) and k2 is 
the pseudo second order rate constant (g mg-1min-1).  
into the pseudo second order model. A plot of q

t
 vs initial concentration (fig. 15A) and the plot of 

t

qt
 vs t (fig. 15 

B) clearly indicates a linear behaviour, shows a proper fit into the pseudo second order kinetic model with high 
correlation coefficient, R2 = 1. A maximum adsorption of 976 mg g-1 of Pb2+, 321 mg g-1of Cd2+ and 375 mg g-1of 
Hg2+were obtained over Ga-BTC MOF. While 313 mg g-1of Sb5+and 261 mg g-1of Sn4+were adsorbed to a maximum 
extent on the same MOF. 
 



International Journal of Environmental Sciences  
ISSN: 2229-7359 
Vol. 11 No. 21s, 2025 
https://www.theaspd.com/ijes.php  

4373  

 
Figure 15: Kinetic plots of adsorption of Pb2+ over Ga-BTC MOFA) q

t
 vs initial conc. of Pb2+ B) t/q

t vs t 

The table 3 below gives a comparison of adsorption of the heavy metal ions available in some of the reports on 
MOF materials with the MOFs studied in the present work.  
 
Table 3: A comparison of adsorption efficiencies of various MOFs reported with the present study for heavy 

metal ion removal from aqueous matrix 
MOF as 
adsorbent 

Adsorption 
amount of 
Pb(II) in mg g-1 

Adsorption 
amount of Hg(II) 
in mg g-1 

Adsorption 
amount of 
Cd(II) in mg g-1 

Reference no.  

Zn-thiazole 
(IUST-2) 

1450 900 - [25] 

TMU-31 909 476 - [24] 
Zr-MOF 428.6 - - [26] 
Zn-MOF 1097 33 - [58] 
Thiol-Cu-BTC - 719 - [31] 
Fe3O4 - JUC-62 - 837.7 - [29] 
nFe3O4@MIL-
88A(Fe) 

- - 693 [27] 

UiO-66-NH2 1795.3   [30] 
UiO-66-NHC(S) - 769 - [30] 
Fe3O4-Ga-BDC  220 - - [59] 
TMU-5 - - 634 [28] 
Ga-BTC 976 375.2 320 Present work 
Al-BTC 277.9 284.6 267.3 Present work 
Zr-BTC 268.4 289.7 287.4 Present work 
Cu-BTC 252.2 294 268 Present work 

 
Reusability and Stability of MOFs 
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Figure 16: Reusability of Ga-BTC MOF for heavy metal ions removal 

 
The reusability studies (fig.16) carried out over Ga BTC MOF for 100 ppm of the heavy metal ions viz.,  Pb2+, Cd2+ 
and Hg2+ removal by adsorption over a time interval of 5 h clearly shows that Ga BTC MOF is efficient enough to 
remove the heavy metal ions even after 5 cycles of use. The MOF was centrifuged, filtered and washed with water 
after every batch of adsorption carried out. The MOF material after use was subjected to characterization by XRD 
and SEM-EDX to test the stability of the material and confirm the adsorbed metal ions presence on the MOFs 
respectively.  

 
Figure 17: Fresh and Used Ga-BTC MOF XRD patterns 

 
The figure 17 above clearly indicates the stability of Ga-BTC MOF from the used XRD pattern that is just the 
same as its fresh form without any structural changes. The SEM-EDX images (fig. 18) of the Ga-BTC after 
adsorption of Pb2+, Hg2+ and Cd2+ which again not only establish the stability of the MOF but also confirm the 
presence of heavy metal ion on the surface of the Ga-BTC MOF. 
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Figure 18: SEM-EDX & Elemental mapping of adsorption of A), B) & C) Pb2+; D), E) & F) Cd2+; G), H) & I) 

Hg2+over Ga-BTC MOF 
 
The adsorptive surface mechanism suggested involves various physical and chemical interactions responsible for 
the effective removal of toxic heavy metal ions where electrostatic interactions and chelation of these metal ions 
with MOFs in combination play major role [17] attributed to the higher efficiency of MOFs in the removal of 
heavy metal ions. Figure 19 below is a schematic representation of the plausible mechanism of adsorption of heavy 
metal ions over MOFs in the current study. 
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Figure 19: Plausible Surface mechanistic approaches for the adsorption of heavy metal ions over BTC MOFs 

 
CONCLUSIONS 
Four different BTC MOFs viz., Ga-BTC, Al-BTC, Zr-BTC and Cu-BTC were prepared by solvo hydrothermal 
method which were found to be highly crystalline, microporous and high surface area materials. They were found 
to be stable upto around 350 ºC as noticed from thermogravimetric analysis. The FT-IR and Raman spectra 
showed characteristic vibrational modes of carboxylate groups and the M-O-M bonds. The MOFs displayed cubo-
octahedral/polyhedron morphologies of uniform size. The MOFs were selective in the removal of heavy metal 
ions, among which Ga-BTC MOF was found to be highly potential in the removal of metal ions which is more 
selective in the removal of Pb(II) ions. The removal capacity of Pb(II), Cd(II) and Hg(II) over the four MOFs 
studied was in the order: Ga-BTC > Zr-MOF > Al-MOF > Cu-MOF. The variable conditions studied in the 
adsorption of lead ions over Ga-BTC indicated the process to follow a pseudo second order kinetics with the plot 
fitting quiet well into this model with a very high correlation coefficient of R2 = 1. The maximum removal capacity 
of Pb2+ ions over Ga-BTC MOF was found to be 976 mg g-1. The removal capacity of heavy metal ions over Ga-
BTC followed the order:  Pb2+ > Hg2+ > Cd2+ > Sn4+ > Sb5+. MOFs were found to exhibit high adsorption capacities 
in the removal of heavy metal ions through both physical and chemical interactions mainly through coordination 
with the metal nodes via electrostatic interactions and chelation possible with the organic linkers on the large 
surface and porous structure of the MOFs that enhance the removal efficiencies of the heavy metal ions. Ga-BTC 
MOF was found to be reusable with its structure intact even after 5 cycles of use without any loss in its adsorption 
capacity in the removal of heavy metal ions more specifically lead ions from aqueous matrix. The Ga-BTC MOF 
is recognized as a highly potential adsorbent in the removal of toxic heavy metal ions from aqueous solutions even 
without any N or S containing ligands or magnetic components. Thus, Ga-BTC MOF may be suggested as a 
potential adsorbent for the removal of toxic metal ions from effluents involving high concentrations of toxic heavy 
metal ions.  
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