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Abstract. The heavy metal containing wastewater discharged from industries such as leather and smelting is toxic and 
difficult to degrade, which not only endangers human health but also causes serious damage to the ecological environment. 
The use of simple, efficient, and low-cost technologies to treat pollutants in such wastewater has gradually become a 
research focus both domestically and internationally. MOFs are cutting-edge porous solids that marry ultra-high surface 
areas and tunable porosity with architecturally adjustable frameworks and a wealth of open metal centers. They have broad 
development prospects in adsorption, separation, energy storage, catalysis, and other fields. Indium based MOF materials 
are composed of octahedral units formed by In3+ions connected to organic ligands, and have good structural and thermal 
stability. However, there is currently limited research on the preparation of In MOF series materials and their application in 
industrial wastewater pollutant treatment. Using sodium citrate as a modifier, the synthesized MIL-68 (In) was modified to 
obtain indium based material MIL-68 (In) - SC. The structural parameters of the modified material were measured to 
determine the appropriate concentration and dosage of the modifier. Introducing the modifier markedly expanded the 
scaffold’s surface; after dosing 0.2 mL of 0.5 M sodium citrate, MIL-68(In)-SC delivered a BET area of 1164.91 m² g⁻¹—56.6 % 
larger than its unmodified parent. The same trio of frameworks was then benchmarked for Cr(vi) sequestration from aqueous 
media.The results showed that all three materials had adsorption effects on heavy metal Cr6+ions, with adsorption rates and 
capacities of 30.05% and 24.04mg/g, respectively. 
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1 Introduction 
Heavy metal wastewater represents a major category of industrial effluent. Pollution arises not only from 
industrial production discharges but also from heavy metal products in domestic waste and light industries such 
as papermaking and jewelry processing [1]. Heavy industry, due to its diversity, complex scenarios, and large 
discharge volumes, is a key contributor to heavy metal pollution. The rapid development of sectors like mining, 
metallurgy, tanning, and electroplating has led to a high incidence of heavy metal pollution [2]. Heavy metals 
are typically defined as metallic elements exhibiting a density exceeding 4.5 g/cm³ under standard temperature 
and pressure, with representative examples encompassing copper (Cu), nickel (Ni), mercury (Hg), lead (Pb), 
chromium (Cr), and cadmium (Cd) [3]. Heavy metal wastewater is highly toxic, non-biodegradable, and difficult 
to treat. Direct discharge into the environment contaminates surface water resources, can cause death of 
aquatic organisms [4], and through infiltration, can affect soil and even groundwater quality [5]. Heavy metals 
are prone to bioaccumulation. Long-term human exposure or consumption of contaminated plants and animals 
leads to accumulation in the body, as they cannot be metabolized and excreted, eventually causing significant 
damage to the nervous system and organs [6]. 

Chromium (Cr) is a typical heavy metal pollutant, primarily originating from electroplating workshops, dyeing 
factories, and tanneries, which generate large amounts of wastewater during processing and manufacturing [7-
9]. Common valence states are trivalent (Cr³⁺) and hexavalent (Cr⁶⁺). Chromium ions can enter the human body 
through respiration, contact, and food, leading to respiratory tract, nasopharyngeal, and digestive tract diseases. 
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Chromium ions also possess carcinogenic potential, potentially inducing cancer [10]. Compared to Cr³⁺, Cr⁶⁺ is 
more toxic, more easily absorbed by the human body, and causes long-term harm. The national limit for Cr(vi) 
in potable water is set at 0.05 mg L⁻¹ [11], yet industrial effluents frequently carry chromium levels hundreds to 
thousands of times higher, grossly surpassing the legal discharge threshold. Therefore, researching effective 
methods to reduce Cr⁶⁺ ion concentration in wastewater is crucial. 

To mitigate the increasing environmental pollution and health hazards caused by Cr⁶⁺ ions, researchers 
continuously explore heavy metal treatment technologies. Common methods include chemical precipitation, 
ion exchange, electrochemical treatment, and adsorption [12-15]. 

Chemical precipitation primarily works by adjusting the solution pH and adding precipitating agents to convert 
free or complexed heavy metal ions in wastewater into insoluble or poorly soluble heavy metal compounds, 
thereby separating them from the wastewater [15]. Depending on the precipitant used, it can be categorized 
into neutralization precipitation, sulfide precipitation, ferrite co-precipitation, and coagulation precipitation [16]. 
This involves adding chemicals like sulfides or flocculants to the wastewater, causing the heavy metal ions to 
settle, followed by filtration of the precipitate to purify the water. For Cr⁶⁺ removal, reducing agents like FeSO₄, 
Na₂SO₃, or NaHSO₃ are added to reduce Cr⁶⁺ to Cr³⁺, followed by alkaline substances like NaOH or Ca(OH)₂ to 
form Cr(OH)₃ precipitate [17]. However, chemical precipitation often requires large amounts of reagents, 
potentially introducing new pollutant ions, and the treated effluent may not meet standards, making it 
unsuitable as a final treatment step. 

Ion exchange utilizes ion exchange resins to selectively exchange metal anions in the water, followed by resin 
regeneration or disposal, to remove heavy metals [18]. Early studies used natural resins; later, synthetic resins 
were developed for improved functionality and performance. Anion exchange resins can exchange CrO₄²⁻ and 
Cr₂O₇²⁻ ions, while cation exchange resins can remove Cr³⁺ or other metal cations [19-20]. Resins are non-toxic, 
have high treatment capacity, can handle multiple metal ions, and cause minimal secondary pollution. However, 
they require high-quality influent and resins, have a large footprint, long treatment cycles, and are unsuitable 
for large-scale applications. 

Electrochemical methods use electrical current to drive reactions like decomposition, oxidation-reduction, and 
flotation for toxic heavy metal removal [25]. These methods offer simple equipment, potential for automation, 
and low secondary pollution, showing good application prospects due to their versatility [21]. Reactor efficiency 
depends on electrode materials and parameters like mass transfer efficiency, current density, and wastewater 
composition. However, high consumption of electrode materials and electricity, significant operating costs, 
complex maintenance, and low mass transfer efficiency limit their application [22]. 

Adsorption utilizes the porous structure of materials to remove heavy metals through mechanisms like 
electrostatic attraction, surface complexation, and ion exchange, followed by adsorbent removal [23]. 
Adsorption includes physical adsorption, chemical adsorption, and biosorption. Physical adsorption relies on the 
adsorbent's structure; chemical adsorption involves chelation with functional groups; biosorption uses 
microorganisms or algae to accumulate metal ions. Overall, adsorption is simple, requires less sophisticated 
equipment, and is highly efficient, proving very effective for treating both methylene blue and Cr⁶⁺ ions in 
wastewater [24]. The type and performance of the adsorbent are critical. Traditional adsorbents like molecular 
sieves, zeolites, activated resins, and activated carbon have certain effectiveness but are limited in wastewater 
treatment due to high production costs, difficult regeneration, and potential for secondary pollution. Lately, 
MOFs have stepped into the spotlight as a new generation of adsorbents, sparking fresh optimism for high-
performance wastewater cleanup [25]. 

In recent years, MOFs have been increasingly applied in liquid-phase adsorption and separation, particularly for 
treating dye molecules, aromatic organic compounds, and heavy metal ions in wastewater. Typical dye 
pollutants—methyl orange, methylene blue, Congo red and rhodamine B—are frequent culprits in textile 
effluent. A recent study [26] prepared UiO-66-Cl and benchmarked it against activated carbon and bagasse: 
across 10–1000 mg L⁻¹ the MOF delivered maximum uptakes of 94 mg g⁻¹ for rhodamine B and 152 mg g⁻¹ for 
Congo red, dwarfing the conventional sorbents and underscoring its practical promise. Other researchers [27] 
used sodium acetate as a modulator to prepare MIL-68(In) nanorods with high surface area based on the classic 
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MIL-68(In). Against Congo red, the engineered variant peaked at 1204 mg g⁻¹—an order-of-magnitude leap over 
the classic benchmark—highlighting its exceptional scalability. Treating toxic aromatic compounds like phenol 
and benzenesulfonic acid is crucial. NH₂-MIL-53(Al) synthesized solvothermally showed good adsorption for 
diclofenac sodium under acidic and neutral conditions [28]. Using MIL-68(In) and NH₂-MIL-68(In) to adsorb 
sulfanilic acid, studies reported that the mechanism involves synergistic π-π stacking and hydrogen bonding. The 
introduction of amino groups significantly enhanced hydrogen bonding, enabling NH₂-MIL-68(In) to achieve an 
adsorption capacity of 401.6 mg/g [29]. Additionally, using UiO-66(Zr) as an adsorbent for toxic metal ions like 
Zn²⁺, Bi³⁺, Hg²⁺, Pb²⁺, and Cd²⁺ showed that different ions have optimal adsorption conditions [30]. 

This work targets solvothermal fabrication of MIL-68(In) and NH₂-MIL-68(In) from hydrated indium nitrate and 
terephthalic-acid-type linkers, followed by citrate-mediated modification to yield ultra-high-surface-area MIL-
68(In)-SC. The adsorption performance of these materials, both before and after modification, for methylene 
blue (MB) and heavy metal Cr⁶⁺ ions in wastewater will be investigated. 

2 Materials and methods 

2.1 Preparation of MIL-68 (In) 

MIL-68(In) was synthesized solvothermally by mixing hydrated indium nitrate, terephthalic acid (H₂BDC) and 
DMF in a Teflon-lined autoclave, followed by homogeneous stirring to ensure complete dispersion before 
heating. Then, the reaction kettle was placed in an oven, heated to 100 ℃ for 48 hours, cooled, and centrifuged 
to obtain white MIL-68 (In) initial product; Wash the obtained initial product several times with DMF and 
anhydrous ethanol, then activate it in anhydrous ethanol for three days. After centrifugal separation, the solid 
was vacuum-dried at 60 °C for 12 h to yield MIL-68(In) as a white, free-flowing powder. 

2.2 Preparation ofNH2-MIL-68 (In) 

Starting from the as-synthesized MIL-68(In), amino functionality was grafted onto the framework to afford the 
derivative NH₂-MIL-68(In) [66,72]. To install –NH₂ handles, the linker was switched directly to 2-
aminoterephthalic acid (NH₂-H₂BDC). In a typical run, In(NO₃)₃·xH₂O and NH₂-H₂BDC were dissolved in DMF 
inside a Teflon vessel, heated at 125 °C for 5 h under autogenous pressure, cooled, centrifuged, and collected as 
a pale-yellow NH₂-MIL-68(In) crude solid. The sentence is:; Wash the initial product several times with DMF and 
anhydrous ethanol, then activate it in anhydrous ethanol for three days. After centrifugation, the product was 
vacuum-dried at 60 °C for 12 h to yield NH₂-MIL-68(In) as a pale-yellow powder. 

2.3 Preparation of MIL-68 (In) - SC 

Based on the preparation process of MIL-68 (In), sodium citrate solution was added during the raw material 
mixing process, and modified MIL-68 (In) - SC was prepared by solvothermal synthesis: Indium nitrate hydrate, 
terephthalic acid, and DMF were mixed in a polytetrafluoroethylene reaction vessel in a ratio of 2.2.1, stirred 
evenly, and a certain amount of sodium citrate solution was slowly added to the mixture to continue stirring. 
After mixing evenly, the reaction vessel was placed in an oven and heated to 100 ℃ under its own pressure for 
0.5 hours. After cooling, the white MIL-68 (In) - SC initial product was obtained by centrifugation; Wash the initial 
product of MIL-68 (In) - SC several times with DMF and anhydrous ethanol, replace it with anhydrous ethanol 
for three days, centrifuge and vacuum dry at 60 ℃ for 12 hours, and finally obtain MIL-68 (In) - SC as a white 
powder. 

2.4 Material Characterization and Analysis Methods 

2.4.1 X-ray Powder Diffraction (XRD) 

Crystallinity was assessed on a Rigaku D/max-2500 powder X-ray diffractometer (60 kV, 300 mA) using a 2θ 
sweep from 5° to 40° at 10° min⁻¹. 

2.4.2 Nitrogen Isothermal Adsorption Desorption Instrument 
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Textural properties—BET surface area, pore volume and pore size—were extracted from N₂ physisorption 
isotherms collected on a Quantachrome Autosorb IQ analyzer. The sample needs to be vacuum dried at 100 ℃ 
for 12 hours before measurement, and then analyzed under 77K liquid nitrogen. The required data can be 
calculated by DFT model. 

2.4.3 Fourier transform infrared spectroscopy (FT-IR) 

MOFs host a variety of functional moieties, each absorbing at characteristic wavenumbers, bandwidths and 
intensities; FT-IR was therefore employed to fingerprint these groups and confirm the molecular makeup of the 
frameworks. 

Using the WQF-510 Fourier transform infrared spectrometer from Beijing Raleigh Company, the materials 
adjusted with amino groups and sodium citrate were analyzed. By detecting and comparing the characteristic 
peaks of functional groups, it was confirmed whether the introduction of functional groups was successful. 

2.5 Adsorption Performance Experiment and Analysis Method 

The static experimental method was used to adsorb Cr6+ions in water. Different concentrations of Cr6+ion 
solutions used in the experiment were diluted with 100mg/L standard solution. Identical analytical protocols 
were applied to MIL-68(In), NH₂-MIL-68(In) and MIL-68(In)-SC throughout the study. The experimental 
procedure is as follows: prepare a certain concentration of Cr6+ion solution, take 20mL of Cr6+ion solution and 
place it in multiple 100mL stoppered conical flasks, then add 5mg of adsorbent to each flask. Afterwards, place 
the stoppered conical flasks in a constant temperature oscillator and perform oscillatory adsorption at a certain 
speed (150rpm). During the experiment, keep the oscillator temperature and speed constant. Explore the effects 
of different adsorption times (0~720mim), solution pH values (2~11), initial concentrations (5~40mol/L), and 
adsorbent dosage (1~11mg) on the adsorption performance of Cr6+ion solution. 

After adsorption is completed, the solution is filtered using an organic filter membrane. Filtrate absorbance was 
read on a UV spectrophotometer, its concentration back-calculated from a pre-established calibration curve, 
and both removal efficiency and uptake capacity were subsequently computed via standard equations. 

3. Results and Discussion 

3.1 X-ray Powder Diffraction (XRD) Analysis 

Figure 1 displays the powder X-ray diffraction patterns of the as-synthesized MIL-68(In), NH₂-MIL-68(In), and 
MIL-68(In)-SC-11 frameworks.  

 

Figure 1  XRD patterns of three synthetic materials 
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According to Figure 3-1, the three synthetic materials exhibit characteristic diffraction peaks at 8 °, 9.26 °, 13.96 °, 
16.22 °, and 18.68 °, which are consistent with the diffraction peak data of MIL-68 (In) in reference [66], 
indicating that the synthetic material is an indium based MOF material. The diffraction peak positions of the 
three materials are basically consistent, indicating that the introduction of carboxyl groups in amino and sodium 
citrate did not affect the topological structure of the materials; The diminished peak intensities observed for 
NH₂-MIL-68(In) reveal that amino-group incorporation lowers the overall crystalline order of the framework. The 
XRD patterns of MIL-68 (In) - SC-11 and MIL-68 (In) are almost identical, with sharp peaks, indicating that the 
synthesized material has high crystallinity and the addition of sodium citrate does not change the crystal 
structure of the synthesized material [31]. 

3.2 Specific surface area and pore size (DFT) analysis 

Figure 2(a) presents the N₂ sorption isotherms of MIL-68(In), NH₂-MIL-68(In) and MIL-68(In)-SC-11. MIL-68(In) 
exhibits a Type-I profile, confirming its microporous character. NH2-MIL-68 (In) shows a mixed curve of type I 
and IV, with an H3 hysteresis loop, indicating that NH2-MIL-68 (In) is a micro mesoporous mixed pore material 
with a narrow pore structure and uneven distribution of pore shape and size [32]; MIL-68 (In) - SC-11 is an I-type 
curve, exhibiting a microporous structure. N2 molecules can effectively diffuse into the pores of the three 
synthetic materials for adsorption. MIL-68(In)-SC-11 outperforms both MIL-68(In) and NH₂-MIL-68(In) in uptake, 
a direct consequence of its enlarged surface area that provides more accessible sites for guest binding. Figure 
2(b) (labeled 3-3) reveals that MIL-68(In) displays a sharp, narrow distribution centered at ~1.9 nm, indicative of 
uniform micropores. NH₂-MIL-68(In) exhibits a narrow distribution centered at ~2 nm, showing that amino 
functionalization slightly enlarges the average pore size. In contrast, MIL-68(In)-SC-11 displays two distinct peaks 
between 1 and 2 nm, typical of microporous solids [33], and its cumulative pore volume markedly exceeds that 
of both parent and amino-tagged analogues, offering expanded space for guest uptake. 

Table 1 summarizes the BET surface area, pore diameter, and pore volume of MIL-68(In), NH₂-MIL-68(In), and 
MIL-68(In)-SC-11, confirming that each framework possesses a high-surface-area, porous architecture. MIL-68(In) 
exhibits a BET surface area of 743.72 m² g⁻¹, a pore volume of 0.42 cm³ g⁻¹, and an average pore diameter of 
1.96 nm. NH₂-MIL-68(In) displays a BET surface area of 726.12 m² g⁻¹, a pore volume of 0.38 cm³ g⁻¹, and an 
average pore width of 2.04 nm. MIL-68(In)-SC-11 reaches a BET area of 1164.91 m² g⁻¹ with 0.56 cm³ g⁻¹ pore 
volume and 1.63 nm pores. While NH₂-MIL-68(In) shows only a marginal gain over MIL-68(In), the amino tag 
nevertheless enlarges the mean pore size. Despite its slightly smaller pores, MIL-68(In)-SC-11 couples an 
exceptionally high surface area with expanded pore volume, underscoring the pronounced influence of sodium-
citrate modification on framework architecture [34] and, consequently, on its enhanced uptake capability and 
practical utility. 

 

Figure 2 N2 adsorption desorption isotherms and pore size distribution of three materials 
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Table 1 Structural Parameters of Three Synthetic Materials 

materials SBET/(m2·g-1) V/(cm3·g-1) D/(nm) 
MIL-68(In) 743.72 0.42 1.96 
NH2-MIL-68(In) 726.12 0.38 2.04 
MIL-68(In)-11 1164.91 0.56 1.63 

3.3 Fourier transform infrared spectroscopy (FT-IR) analysis 

FT-IR spectra of MIL-68(In), NH₂-MIL-68(In) and MIL-68(In)-SC-11 are displayed in Figure 3-5.According to Figure 
3, the large peak at 3446cm-1 in the spectra of the three synthetic materials is the O-H vibration signal in free 
water on the crystal surface; The vibration signals of the functional groups on the organic ligand during two 
stretching vibrations between 1300 and 1700 cm-1, including C=O and C-O in the carboxyl group [35]; The 
vibration signals near 1700 and 1280cm-1 may be C=O and C-N vibrations on residual DMF solvent [36]. NH₂-
MIL-68(In) and MIL-68(In)-SC-11 retain the core vibrational pattern of the parent framework, confirming that 
functionalization leaves the backbone intact. A new band at ~1250 cm⁻¹ in NH₂-MIL-68(In) evidences successful 
–NH₂ incorporation, while MIL-68(In)-SC-11 shows markedly intensified twin peaks between 1300–1700 cm⁻¹, 
signaling a higher density of carboxyl signatures. Citrate is a carboxylate salt whose delocalized π-system 
generates an asymmetric COO⁻ stretch at 1550–1650 cm⁻¹; the clear band in this window [37] confirms 
successful carboxyl grafting. 

 

Figure 3 FT-IR spectra of three synthetic materials 

3.4 Study on Cr6+ Adsorption by MOF Materials 

3.4.1 The Influence of pH Value on Adsorption Performance 

Solution pH is a critical lever in heavy-metal uptake: it dictates both the speciation of the metal ion and the 
surface charge of the sorbent and sorbate [76]. For each trial, 20 mL of 20 mg L⁻¹ Cr(vi) solution was transferred 
to a 100 mL Erlenmeyer flask and sealed. The Cr(vi) medium was stepwise adjusted to pH 2, 3, 4, 5.4 (as-is), 7, 8, 
9, 10 and 11 with 1 M HCl or NaOH. Add 5mg of adsorbent to each flask, and then place the stoppered conical 
flask into a constant temperature (25 ℃) oscillator. The oscillation speed remains constant and the oscillation 
time is 90 minutes. Following equilibration, the supernatant was withdrawn with a syringe, passed through a 
0.45 µm hydrophilic membrane, and analyzed for residual Cr(vi). Figure 4 summarizes the pH-dependent uptake 
of Cr(vi) by MIL-68(In), NH₂-MIL-68(In) and MIL-68(In)-SC-11 under these standardized conditions. 

Figure 4 demonstrates that solution pH exerts a pronounced influence on the Cr(vi) uptake efficiency of all three 
MOF adsorbents. Over pH 2–4 MIL-68(In) removal climbs from 19 % to 25.5 %, but beyond pH 4 the trend 
reverses, falling back to 21 % at pH 11; hence the optimum window for this framework is pH 4, where 25.5 % of 
Cr(vi) is sequestered. NH₂-MIL-68(In) shows a steady rise from 17.8 % (pH 2) to a maximum of 29.2 % at pH 9, 
then slips to 23.2 % at pH 11, establishing pH 9 as its optimum. MIL-68(In)-SC-11 mirrors the parent trend: 
removal jumps from 21.1 % to 28.0 % as pH moves from 2 to 3. When the pH increases from 3 to 11, the 
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adsorption rate continues to decrease to 16.48%, that is, the pH value is 3. MIL-68 (In) - SC-11 has the best 
adsorption effect on Cr6+ions, with a maximum adsorption rate of 27.98%. By comparing the adsorption rates 
of three materials, the addition of amino groups and sodium citrate modification improved the adsorption rate 
of the synthesized material [38]. 

For amino modified NH2-MIL-68 (In), when the acidity is strong, the H+content in the solution is high, and the 
surface of the adsorbent is prone to undergo amino protonation reactions, increasing the number of positive 
charges on the adsorbent surface and generating electrostatic repulsion with Cr6+ions, which is not conducive 
to adsorption; As pH rises the H⁺ reservoir is depleted, suppressing amino protonation and steadily lowering the 
net positive surface charge of the sorbent. Higher alkalinity enriches negative surface sites, promoting 
electrostatic attraction toward anionic Cr(vi) species and boosting uptake. However, strong acidity and alkalinity 
can damage the material structure and affect the adsorption effect. For MIL-68 (In) - SC-11 (MIL-68 (In) - COONa) 
modified with sodium citrate, under strong acid conditions, the H+ion content increases, promoting the 
conversion of the - COONa group to - COO -. Carboxyl groups can chelate with metal ions, allowing for ion 
exchange during the adsorption process. The carboxyl CO - system of carboxylate salts has a multi electron π - 
bond system, with negative charges dispersed on two oxygen atoms and one carbon, enhancing electrostatic 
interactions and facilitating the migration of metal ions, thereby promoting adsorption; In strongly alkaline 
media the abundance of OH⁻ hinders –COO⁻ formation and can block active sites, diminishing overall Cr(vi) 
removal [39]. 

 

Figure 4 The Effect of pH Value on the Adsorption Performance of Synthetic Materials 

3.4.2 The Effect of Adsorption Time on Adsorption Performance 

From the foregoing data, the optimal pH for each sorbent was fixed; all other parameters were kept as in Section 
5.1. Uptake kinetics were then tracked at 15, 30, 60, 90, 120, 150 and 180 min, with the outcomes plotted in 
Figure 5. 

From Figure 5, it can be seen that the adsorption rates of the three synthetic materials first show an upward 
trend with the increase of time, and then gradually approach equilibrium. Both MIL-68(In) and MIL-68(In)-SC-11 
exhibit a steep rise in removal efficiency within the first 60 min, followed by a more gradual increment between 
60 and 120 min. After 120 minutes of reaction, the material's adsorption rate for Cr6+ions tends to stabilize. The 
adsorption rate of NH2-MIL-68 (In) increases rapidly with time 60 minutes before the reaction, and increases 
slowly within 60-90 minutes. Equilibrium is effectively reached at 90 min, roughly half an hour sooner than the 
plateau observed for the parent and citrate-modified frameworks. Optimal contact times are 120 min for MIL-
68(In), 90 min for NH₂-MIL-68(In) and 120 min for MIL-68(In)-SC-11, yielding equilibrium removals of 27.1 %, 
29.2 % and 30.0 %, respectively. 

At the outset, the elevated metal concentration combines with fully accessible external and internal surfaces, 
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providing an abundance of vacant active sites that drive rapid initial uptake. The adsorption driving force is 
strong, making the adsorption process relatively easy to carry out. Therefore, the adsorption rate increases 
rapidly in a short period of time. Afterwards, the number of empty pores decreases, and the metal ions in the 
adsorbent hinder the entry of metal ions in the solvent, resulting in slow adsorption and ultimately reaching 
equilibrium. Post-synthetic grafting of –NH₂ or –COOH moieties onto NH₂-MIL-68(In) and MIL-68(In)-SC-11, 
respectively, amplifies electrostatic interactions and accelerates Cr(vi) binding. Additionally, MIL-68(In)-SC-11 
offers a markedly larger surface area than both MIL-68(In) and NH₂-MIL-68(In), translating into superior overall 
uptake. 

 

Figure 5 The Effect of Adsorption Time on the Adsorption Performance of Synthetic Materials 

3.4.3 Effect of Cr6+ion concentration on adsorption performance 

Guided by the kinetic data in Section 5.2, the optimal contact times were set at 120 min, 90 min and 120 min for 
MIL-68(In), NH₂-MIL-68(In) and MIL-68(In)-SC-11, respectively. All other adsorption conditions were the same as 
the experimental conditions in 5.2. The effects of Cr6+ion concentration on the adsorption rate and amount of 
the three materials were investigated at Cr6+ion concentrations of 5, 10, 15, 20, 25, 30, and 40mg/L. The results 
are shown in Figure 6. 

 

Figure 6 Effect of Cr6+ion concentration on the adsorption performance of synthetic materials 
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Figure 6 illustrates that the initial Cr(vi) concentration strongly governs both removal efficiency and uptake 
density. For every MOF the percentage removed falls as the concentration rises, whereas the capacity climbs 
until it levels off. Specifically, MIL-68(In) removal drops from 32.8 % to 17.0 % while its loading rises from 6.6 mg 
g⁻¹ to a plateau near 26.7 mg g⁻¹. The adsorption rate of NH2-MIL-68 (In) decreased from 34.18% to 17.87%; The 
adsorption capacity increased from 6.85 mg/g to 28.59 mg/g and then tended towards equilibrium. The 
adsorption rate of MIL-68 (In) - SC-11 decreased from 35.03% to 18.57%; Capacity advanced from 7.01 mg g⁻¹ to 
29.19 mg g⁻¹ before flattening out. 

At fixed sorbent mass, higher Cr(vi) levels drive the solids toward saturation, capping further uptake; excessive 
concentrations block both external and internal sites, and accumulating unbound ions lower the apparent 
removal efficiency. Beyond mere physisorption, NH₂-MIL-68(In) and MIL-68(In)-SC-11 engage –NH₂ and –COOH 
sites in ion-exchange [40], boosting both rate and capacity. 

3.4.4 Effect of adsorbent dosage on adsorption performance 

Guided by the foregoing data, optimal pH and contact time were fixed for each MOF. To probe dosage effects, 
20 mL aliquots of 20 mg L⁻¹ Cr(vi) were treated with 3, 5, 7, 9, 11, 20 or 30 mg of MIL-68(In), NH₂-MIL-68(In) or 
MIL-68(In)-SC-11; the resulting removal efficiencies and uptake capacities are plotted in Figure 7. 

 

Figure 7 Effect of adsorbent dosage on the adsorption performance of synthetic materials 

Figure 7 shows that, at fixed Cr(vi) concentration, the percentage removed rises steadily with increasing sorbent 
mass until it plateaus, whereas the uptake capacity (mg g⁻¹) declines monotonically across the same dosage 
range. Below 9 mg the removal efficiency climbs steeply; between 9 and 11 mg the rise is modest; above 11 mg 
the curve flattens, signalling approach to saturation. Capacity drops sharply at low loadings, then tails off 
gradually as sorbent mass continues to rise. 

At fixed Cr(vi) concentration, higher sorbent loadings supply extra pores, larger cumulative surface area and 
more active sites, so removal efficiency surges initially. Once the residual Cr(vi) concentration becomes 
vanishingly small, additional solid contributes little further uptake and the curve levels off. After reaching 
adsorption equilibrium, the adsorption rate no longer changes with the increase of adsorbent amount, and the 
agglomeration effect between adsorbent particles will also make the adsorption rate no longer significantly 
increase. With the Cr(vi) pool fixed, every extra gram of sorbent dilutes the uptake per unit mass, so capacity 
declines monotonically. 

3.4.5 Adsorption kinetics of Cr6+ions by MIL-68 (In) and modified materials 
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Following Section 5.1, the Cr(vi) solution was pre-adjusted to its optimal pH. Aliquots (20 mL) were then charged 
with 5 mg of MIL-68(In), NH₂-MIL-68(In) or MIL-68(In)-SC-11 for comparative uptake tests. After adsorption for 
15, 30, 60, 90, 120, 150, and 180 minutes, filter through a water-based filter membrane to obtain the filtered 
clear solution. After equilibration, the supernatant absorbance was read and the Cr(vi) uptake computed; 
capacity versus time data were plotted to yield the kinetic curves shown in Figure 8. 

 

Figure 8 Kinetic curves of Cr6+ion adsorption on MIL-68 (In), NH2-MIL-68 (In), and MIL-68 (In) - SC-11 
materials 

3.4.6 Adsorption isotherms of Cr6+ions on MIL-68 (In) and modified materials 

Following the earlier optimization, the Cr(vi) solutions were first set to their respective optimal pH values. 
Separate 20 mL aliquots at 5, 10, 15, 20, 25, 30, 40 and 50 mg L⁻¹ were then dosed with 5 mg of MIL-68(In), NH₂-
MIL-68(In) or MIL-68(In)-SC-11 for isotherm evaluation. Determine the adsorption equilibrium time of each 
material according to the experiment. Following equilibration, the suspensions were filtered through a 0.45 µm 
aqueous membrane, and the filtrate absorbance was measured to determine residual Cr(vi) concentrations. The 
uptake values were then plotted against equilibrium concentration to construct the adsorption isotherms shown 
in Figure 9. 

 

Figure 9 Adsorption isotherms of Cr6+ions by three synthetic materials 

From Figure 9, it can be seen that the adsorption of Cr6+ions by the three materials increases with concentration, 
and the adsorption capacity starts to increase rapidly, then increases slowly, and finally reaches adsorption 
equilibrium. MIL-68(In) approaches saturation near 25 mg L⁻¹ Cr(vi), whereas NH₂-MIL-68(In) and MIL-68(In)-SC-
11 level off around 35 mg L⁻¹, marking their respective equilibrium concentrations. 
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4. Conclusion 
This chapter presents a systematic investigation of Cr(vi) uptake by MIL-68(In), its amino-functionalised 
derivative NH₂-MIL-68(In), and the citrate-modified MIL-68(In)-SC-11. Key operational variables—solution pH, 
contact time, initial Cr(vi) concentration and sorbent dosage—were evaluated to map their influence on 
adsorption performance. The adsorption kinetics and isotherms of three materials were fitted through 
experimental data; And the regeneration performance of three materials for adsorption applications was 
investigated, and synthetic materials with excellent adsorption performance were screened. 

Under the conditions of an adsorbent dose of 5mg and a Cr6+ion concentration of 20mg · L-1, with a solution 
pH of 4 and an adsorption time of 120min, the suitable adsorption conditions for MIL-68 (In) are achieved, with 
an adsorption rate of 27.06% and an adsorption capacity of 21.76 mg/g; Optimal uptake for NH₂-MIL-68(In) is 
attained at pH 9 and 90 min, delivering 29.2 % removal and a loading of 23.5 mg g⁻¹. MIL-68(In)-SC-11 performs 
best at pH 3 and 120 min, reaching 30.1 % removal and a capacity of 24.8 mg g⁻¹. In short, grafting amino or 
carboxyl functionalities boosts Cr(vi) uptake; the enlarged surface area and pore volume of MIL-68(In)-SC-11 
render it the most effective sorbent of the series. 
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