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Abstract: 16 

In this study, the synthesis and characterization of novel β-amino-functionalized Cu-BTC-MOFs 17 

and their photocatalytic performance for dye degradation were carried out. The modified MOFs, 18 

denoted as MOF@3A3NP, MOF@3A4HP, and MOF@3A4H3MP, correspond to Cu-BTC 19 

functionalized with 3-amino-3-(3-nitrophenyl)propanoic acid, 3-amino-3-(4-20 

hydroxyphenyl)propanoic acid, and 3-amino-3-(4-hydroxy-3-methoxyphenyl)propanoic acid, 21 

respectively. PXRD analysis confirmed the synthesis of MOFs having a crystalline structure and 22 

FTIR spectroscopy revealed the successful grafting of β-amino functional groups onto the Cu-23 

BTC surface, evidenced by additional peaks at 2130–2233 cm⁻¹ and 3350 cm⁻¹. The modified Cu-24 

BTC-MOF exhibited a reduced band-gap energy compared to the unmodified Cu-BTC (2.9 eV) 25 

which indicated improved light absorption and charge separation. The β-amino-functionalized Cu-26 

BTC-MOFs demonstrated excellent photocatalytic performance, degrading 95%, 98%, and 99% 27 

of methyl green, and 85%, 98%, and 99% of methyl orange in 70 minutes upon exposure to visible 28 

light using MOF@3A4HP, MOF@3A4H3MP, and MOF@3A3NP, respectively. This improved 29 

photocatalytic activity can be ascribed to the morphological modifications, and reduced optical 30 

band gap due to amino-functionalized MOFs. These factors highlight the potential of β-amino-31 



functionalized Cu-BTC-MOFs as promising photocatalysts for the efficient degradation of both 32 

cationic and anionic dyes. 33 

Keywords:  Novel β-amino acid-based MOFs, NH2-Cu-BTCs, Photocatalysis, Water remediation, 34 

Dye degradation. 35 

Environmental Implications: 36 

The β-amino-functionalized Cu-BTC-MOF developed in this study exhibits exceptional 37 

photocatalytic performance under visible light, enabling rapid and efficient degradation of both 38 

cationic (methyl green) and anionic (methyl orange) dyes. This advancement addresses a critical 39 

environmental challenge by offering a sustainable and energy-efficient solution for wastewater 40 

treatment. The reduced band-gap, enhanced surface area, and improved charge separation 41 

contribute to superior dye removal efficiency. The use of visible light further enhances the eco-42 

friendliness and practicality of this photocatalyst. These findings highlight its potential application 43 

in industrial effluent treatment and broader environmental remediation strategies. 44 

Introduction: 45 

Organic dyes are extensively used coloring agents in nearly all industries, including paper, textile, 46 

printing, cosmetics, food, and others. The effluents from these industries are frequently pollute 47 

water with these dye residues 1. Large quantities of dye pollutants in industrial effluents accumulate 48 

in waste sources, remains in water over time. These dyes have the potential to seriously endanger 49 

aquatic life by causing algal blooms and the depletion of dissolved oxygen in addition to the 50 

carcinogenic effects on human health even at the lowest concentrations 2, 3. Therefore, to lessen 51 

the detrimental impacts of dyes on the ecosystem, dyes must be removed from these colorful 52 

effluents before they are released into the environment 4. Among various remediation techniques, 53 

photocatalysis has emerged as a superior option for removing organic dyes from water 5. As of 54 

right now, photocatalytic reactions and the adsorption process are thought to be the main 55 

techniques for cleaning up organic contaminants in contaminated water 6. 56 

While adsorption is widely investigated due to its straightforward design and ease of operation 7, 57 

it merely transfers contaminants from the liquid phase to the solid phase, creating secondary 58 

pollution that requires further disposal. Instead of completely removing contaminants, the 59 

adsorption process only moves them from one phase to another and lowers their concentration 8. 60 



In contrast, photocatalysis offers a comprehensive environmental cleanup solution by completely 61 

mineralizing organic contaminants into harmless inorganic compounds (such as CO₂ and H₂O) 62 

under light irradiation, without generating secondary sludge 9. Materials with metal-organic 63 

frameworks (MOFs) are commonly utilized in heterogeneous catalysis and adsorption 10. 64 

Depending on how distinct metals are combined with organic linkers, a range of MOFs has been 65 

created for diverse applications 11. MOFs interest is increasing in a variety of applications, 66 

including photocatalysis 12, energy storage 13, pollutant removal 14, and sensing 15. MOFs have 67 

characteristics properties like surface area, variable pore size, pore volume, and desired 68 

functionality by post synthetic  functionalization 16. However, a significant number of MOFs 69 

exhibit inadequate hydrothermal stability 17, impeding their use in aqueous medium also causing 70 

secondary pollution in water due to the presence of organic ligands and metal ions 18. Consider the 71 

Cu-MOF, in liquid samples and high humidity circumstances, water molecules attacked the 72 

framework. Due to which the structure collapses and breakdown into organic and inorganic 73 

substances 19, 20. It may be possible to expand the range of applications for these MOFs by making 74 

them resistant to water 21. The degree of binding strength in the metal cluster core and linker 75 

essentially determines the hydrothermal stability of MOFs 22. Increased hydrothermal stability and 76 

durability of many different MOFs by ligand functionalization has been reported using a variety 77 

of techniques. Using hydrophobic ligands 23, introducing a polymeric matrix 24, hybridization with 78 

carbon nano tubes 25, 26 and composite formation with graphite oxide 27, 28 to stop water molecules 79 

from attacking metal linker was the way that some researchers attempted to increase hydrothermal 80 

stability. The hydrothermal stability of Cu-MOF was enhanced by all these techniques, though 81 

their synthesis is rather laborious 29.  82 

Thus, post-synthesis modification of produced MOFs may offer an alternate means of getting 83 

around the drawback of inadequate hydrothermal stability 30. It was proved that the amino acid 84 

molecules were grafted onto the Cu-BTC structure to improve hydrothermal stability and prevent 85 

water molecules from attacking the exposed metal sites 31. In amino acid functionalization 86 

reactions generally α-positioned amino acids are used although it is assured that β-positioned 87 

amino acids possess more potential 32. Amino acids, chiral ligands with higher valence metal ion 88 

centers, are used in functionalization of metal organic frameworks due to their non-toxic and 89 

environmentally friendly nature 33. Amino acids also enhance the stability of structure along with 90 

the ability to coordinate with metal center due to nitrogen and carboxyl functionalities 34, 35. 91 



Currently, using MOFs as a photocatalyst is a key area of attention. Due to the abundance of metal-92 

containing nodes and organic bridge linkers, MOFs may be easily and conveniently constructed 93 

with a customized capacity to absorb light, making them unique platforms for photo-induced 94 

pollution removal 36, 37. Initially, a material with a specific structure consisting of zinc-based units 95 

was employed as a photocatalyst for phenol degradation due to its broad wavelength 96 

photosensitivity. Later, titanium-based materials exhibited photocatalytic activity, as predicted, 97 

and iron-based materials demonstrated visible light harvesting capabilities 38, 39. Notably, one 98 

material achieved an impressive 96.6% removal of tetracycline and 87.1% removal of dye 99 

Rhodamine B upon visible light exposure. The choice of organic linkers in these materials is 100 

crucial to enhance their visible-light response. The presence of amine groups in organic ligands 101 

has been found to significantly improve the material's ability to respond to visible light. Modified 102 

materials have demonstrated superior performance in various applications, including CO₂ 103 

reduction, Cr(VI) reduction, and azo dye photodegradation, showcasing their potential as effective 104 

visible-light-activated photocatalysts 40, 41.  105 

Due to their affordability, ease of recovery, and environmental friendliness, Cu-based MOFs were 106 

chosen as potential catalysts in this work. The amino group was added to the MOF as an additional 107 

component for functionalization to improve both visible-light-responsive characteristics and 108 

hydrothermal stability. To boost sensitivity to visible light, β-amino-functionalized Cu-BTC was 109 

synthesized in this work via post-synthetic modification using a series of three specific β-amino 110 

acids: 3-amino-3-(3-nitrophenyl)propanoic acid (yielding MOF@3A3NP), 3-amino-3-(4-111 

hydroxyphenyl)propanoic acid (yielding MOF@3A4HP), and 3-amino-3-(4-hydroxy-3-112 

methoxyphenyl)propanoic acid (yielding MOF@3A4H3MP). Powder X-ray diffraction (PXRD), 113 

scanning electron microscopy (SEM), Fourier-transform infrared (FT-IR) spectroscopy, and UV-114 

Vis analysis were used to characterize the materials. The photocatalytic degradation of methyl 115 

orange (MO) and methyl green (MG) was evaluated under simulated solar light irradiation (visible 116 

light) to assess the performance of these β-amino-functionalized Cu-BTC catalysts. This work 117 

provides fresh insights into the optimization of β-amino acid-based photocatalysts for the efficient 118 

degradation of organic dyes.  119 

Experimental: 120 

Materials: 121 



Chemicals used for the synthesis of β-amino acids and MOF materials include malonic 122 

acid, ammonium acetate, 3-nitro benzaldehyde (HNO₂C₆H₄CHO;99%), 4-hydroxy benzaldehyde 123 

(HOC₆H₄CHO;99%), 4-hydroxy-3-methoxy benzaldehyde (HOC₆H₃(OCH₃)CHO;99%), 1-124 

butanol were purchased from Merck Company (Germany)., copper (II)nitrate trihydrate, 1,3,5-125 

benzenetricarboxylic acid (H3BTC, 99%; Sigma Aldrich), deionized water, ethanol, acetone and 126 

methanol.  127 

Synthesis of β-amino acid: 128 

To synthesize β-amino acid, respective aldehydes, malonic acid, and ammonium acetate in 129 

equimolar ratios (10 mmol) with 1-butanol as solvent (50 mL). The mixture was heated to reflux 130 

and stirred for 3 hours (Scheme 1). Following this, the resulting product was recovered by 131 

filtration, washed with acetone to remove impurities, and then dried in a controlled temperature 132 

oven at 150°C for 12 hours to remove any residual solvents 42. For 3-Amino-3-(3-nitrophenyl) 133 

propanoic acid (3A3NP), melting point; 186 ⁰C, for 3-Amino-3-(4-hydroxyphenyl) propanoic acid 134 

(3A4HP), melting point, 189 ⁰C and for 3-Amino-3-(4-hydroxy-3-methoxyphenyl) propanoic acid 135 

(3A4H3MP), melting point; 192 ⁰C was measured. 136 

 137 

Scheme 1. Synthesis of β-amino acid. For synthesis aldehydes having R1 and R2 different 138 

groups given in Table 1. 139 

Table.1 Numbering of substituents for the synthesis of β-amino acids.  140 



β-amino acid R1 R2 

3A3NP H NO2 

3A4HP OH H 

3A4H3MP OH OCH3 

 141 

Synthesis of Cu-BTC MOF: 142 

Initially, 2.2g of Cu(NO3)2.3H2O was dissolved in 20ml of deionized water to form a 143 

solution, while 1.2g of benzene tricarboxylic acid was separately dissolved in 20 mL of deionized 144 

water. The two solutions were then combined and transferred to a 100 mL Teflon-lined stainless-145 

steel autoclave reactor. The mixture was subsequently subjected to microwave radiation at 220 °C 146 

for 8 hours in an oven, resulting in the formation of the desired product. After cooling, the product 147 

was recovered by filtration, washed extensively with ethanol, and dried. The product was then 148 

suspended in methanol for 52 hours to facilitate activation for further functionalization. Finally, 149 

the Cu-BTC MOF was dried at 90 °C for 24 hours to remove any residual solvents 43, 44. 150 

Synthesis of Novel Cu-BTC@β-amino acid Composite: 151 

The functionalization of copper metal-organic framework (Cu-BTC) with β-amino acids 152 

was achieved by adding the β-amino acid in an amount equivalent to 30% of the weight of copper 153 

in the Cu-BTC MOF. Initially, the β-amino acid(3-Amino-3-(3-nitrophenyl) propanoic acid, 3-154 

Amino-3-(4-hydroxyphenyl) propanoic acid, 3-Amino-3-(4-hydroxy-3-methoxyphenyl) 155 

propanoic acid) was dissolved in 50 mL of deionized water and stirred for 1 hour at 50 °C. 156 

Subsequently, the Cu-BTC MOF was added to the solution, and the reaction was set to proceed for 157 

24 hours at 55 °C. The resulting product was recovered by filtration, washed with acetone to 158 

remove impurities 43, 44. The multiple stages of the synthesis process of the Cu-BTC@ β-amino 159 

acid Composite are illustrated in Scheme 2. These final functionalized materials are hereafter 160 

referred to as Cu-BTC@3A3NP, Cu-BTC@3A4HP, and Cu-BTC@3A4H3MP, respectively, 161 

corresponding to the specific β-amino acid used for the modification. 162 

Photocatalytic studies: 163 



In order to study the photocatalytic activity of the β-amino acid-functionalized metal-164 

organic frameworks, 50 mg of the catalyst was added to 100 mL of a 10 ppm solution of methyl 165 

green and methyl orange dyes. (Note: While raw industrial textile wastewater may exhibit higher 166 

dye concentrations, 10 ppm represents a realistic concentration for secondary-treated effluents and 167 

serves as a standard model concentration to evaluate fundamental photocatalytic mechanisms and 168 

catalyst efficiency prior to scale-up). To assure the dye adsorption/desorption phenomenon, the 169 

reaction flask was covered with aluminum foil and stirred at 250 rpm for 30 minutes in the dark. 170 

Following this, the reaction flask was placed under a visible light source e.g., a 300 W Xenon arc 171 

lamp equipped with a UV cutoff filter (λ > 420 nm) to simulate solar irradiation. Small portions of 172 

the suspension were withdrawn at regular time intervals (every 10 minutes), and the absorbance 173 

was measured using a UV-Vis spectrophotometer. To obtain the maximum degradation, three key 174 

operational parameters were systematically optimized and studied: catalyst dosage (10–75 mg), 175 

solution pH (3–12), and contact time (0–90 minutes). 176 

Under visible light irradiation, degradation of methyl orange and methyl green was 177 

explored so as to evaluate the photocatalytic performance of amino acid functionalized 178 

metal organic frameworks. The solutions containing samples were first stirred in dark for 179 

30 minutes to let the dyes and photocatalyst to attain adsorption/desorption equilibrium. 180 

Following visible light irradiation 8 samples of each dye were taken after regular interval 181 

of 10 minutes and the absorbance was measured. Under solar light irradiation it was found 182 

that Cu-BTC MOF showed degradation of methyl green and methyl orange dyes. It was 183 

demonstrated that β-amino acid modified MOFs (Cu-BTC@3A3NP, Cu-BTC@3A4HP, 184 

Cu-BTC@3A4H3MP) showed more potential effects towards the degradation of dyes.  185 

After regular intervals the absorbance spectra showed that the absorbance was decreased. 186 

The percentage value for photocatalytic degradation of dyes was also calculated by using 187 

the formula: 188 

% degradation  = 
��−����  � 100    (1) 189 

A₀ = initial absorbance, At = absorbance at regular time interval  190 

All the three parameters (amount of catalyst, pH of dye solution and contact time) to obtain the 191 

maximum degradation of dyes were optimized and effects were studied by obtaining their UV-vis 192 

spectra. 193 



For the binary dye experiments, a mixed solution was prepared by combining appropriate volumes 194 

of methyl orange and methyl green stock solutions to yield a final reaction volume of 100 mL 195 

containing 10 ppm of each dye simultaneously. 196 

 197 

Scheme 2.  A systematic procedure for the synthesis of Cu-BTC@β-amino acid 198 

Composite. 199 

Characterization of synthesized MOFs: 200 

The structural characteristics of the synthesized samples were examined using a PXRD and the 201 

instrument was configured to utilize Cu Kα radiation with a wavelength of 1.540 Å, and the scan 202 

speed was set at 2° per second. The 2θ range was established as 10-70°, allowing for a 203 

comprehensive analysis of the samples' structural properties. The surface morphology of the 204 

synthesized samples was examined using a SEM instrument in the range of 5 micro-meter, which 205 

provided detailed information about their structural features. Furthermore, a FTIR spectrometer 206 

was employed to investigate the presence of functional groups in the samples with Bruker FTIR 207 



Spectrophotometer (ZnSe) TENSOR27 (USA). The FTIR spectrum was generated with a 208 

resolution of 4 cm-1, and the transmission wavelength range was set at 4000-400 cm-1, enabling 209 

the detection of a wide range of functional groups. 1H and 13C NMR spectra’s of β-amino acids 210 

were also calculated with the help of Bruker AM 400 NMR spectrometer (USA). Additionally, the 211 

optical properties of as synthesized samples were studied by acquiring UV-visible absorbance 212 

spectra using a CEISEL 7000 UV-visible spectrophotometer, which allowed for the analysis of 213 

their light-absorbing characteristics.  214 

Results and discussion: 215 

PXRD analysis: 216 

The peak positions of the prepared Cu-BTC MOF and Cu-BTC@3A3NP, Cu-217 

BTC@3A4HP, and Cu-BTC@3A4H3MP all exhibit a cubic crystal structure similar to the 218 

reported patterns and are consistent with the literature 45-47. Minor discrepancies in peak 219 

intensity and slight shifts between the simulated and experimental PXRD patterns of 220 

pristine Cu-BTC MOF are commonly observed in solvothermally synthesized MOFs. 221 

These variations are typically attributed to the presence of trapped guest solvent molecules 222 

within the pores, preferred orientation of crystallites during sample preparation, or minor 223 

surface defects. Nevertheless, the strong peak at 10.28° corresponds to the (111) reflection, 224 

which is a characteristic peak for Cu-BTC MOF, confirming that the fundamental crystal 225 

structure is retained. The other peaks indexed to the (200), (220), (400), (600), (420) 226 

reflections are also consistent to the cubic crystal and showed an average lattice parameter 227 

of 24.4Å. The peak positions and corresponding crystal planes in patterns of β-amino acid 228 

modified MOFs are also comparable to the parent MOF. This indicating that crystal 229 

structure is retained, and amino acid is only coordinated with the copper metal atom43 
230 

(Figure 1). The average lattice parameter calculated for Cu-BTC@3A3NP, Cu-231 

BTC@3A4HP, Cu-BTC@3A4H3MP also gave approximately 24.4Å value with an 232 

additional peak at 24.3⁰, 25.9⁰ and 24,02⁰. These peaks are assigned to β-amino acid in Cu-233 

BTC@3A3NP, Cu-BTC@3A4HP, Cu-BTC@3A4H3MP respectively which is not present 234 

in Cu-BTC MOF. The enhanced intensity and slight shifting of peak at 29⁰ from 28.1⁰ is 235 

also attributed to the amino acid incorporation in these structures. Distance between the 236 

planes of the crystals (d) was calculated and all the parameters and crystal planes suggested 237 



a Fm-3m face centred cubic structure for the prepared MOFs having a=b=c with angles 238 

α=β=ɤ=90⁰ 48, 49. All the lattice parameters were determined according to the Bragg’s law 239 

equation:  240 

2dsinϴ = n ℷ                           (2) 241 

 242 
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 245 

Figure 1. Simulated PXRD patterns of Cu-BTC, PXRD of Cu-BTC and β-amino acids 246 

modified MOFs. 247 

SEM analysis: 248 

The SEM images reveal a striking difference in the surface morphology of Cu-BTC MOF 249 

before and after amino acid modification. Prior to modification, the Cu-BTC MOF crystals exhibit 250 

large, well-defined cubic shapes with visible pores and active sites. In contrast, the modified Cu-251 

BTC composites displays a significantly altered surface topology, characterized by a feather-like 252 

appearance and a reduction in apparent particle size compared to the unmodified Cu-BTC MOF 253 
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(Figure 2). This reduction in particle size and morphological change can be attributed to the post-254 

synthetic coordination of bulky β-amino acid molecules to the open metal sites on the surface of 255 

the Cu-BTC MOF crystals. This surface functionalization introduces steric hindrance, disrupts the 256 

long-range crystalline order at the crystal periphery, and induces slight surface restructuring, 257 

thereby preventing further crystal growth and yielding smaller, more compact particles. This 258 

transformation suggests that the amino acid functional groups have effectively grafted onto the 259 

Cu-BTC MOF surface, modifying its morphology and potentially enhancing its photocatalytic 260 

properties by improving reactant adsorption and charge carrier mobility.  261 

 262 

Figure 2. SEM images of the synthesized Cu-BTC MOF and their composites, showing the 263 

morphological changes upon functionalization. (a) SEM images of Cu-BTC MOF at 5 μm 264 

magnification, e.g., 2250× magnification, (b) Cu-BTC@3A3NP Cu-BTC MOF at 5 μm 265 

magnification, e.g., 2250× magnification, (c) Cu-BTC@3A4HP Cu-BTC MOF at 5 μm 266 



magnification, e.g., 2156× magnification , (d) Cu-BTC@3A4H3MP Cu-BTC MOF at 3 μm 267 

magnification, e.g., 4051× magnification. 268 

FTIR analysis: 269 

FTIR analysis of the prepared materials was performed to verify the functional groups and 270 

confirm the successful incorporation of the β-amino acids onto the Cu-BTC MOF framework. In 271 

the pristine Cu-BTC MOF spectrum, the peak at ~697 cm-1 is associated with the metal-ligand Cu–272 

O bond, while the peak at 1193 cm-1 corresponds to the C–O stretching vibrations of the BTC 273 

linker. The peak at 1444 cm-1 indicates the bending vibrations of CH₂, and the peak at 1569 cm-1 274 

is assigned to the aromatic C=C stretching vibration. Additionally, peaks in the region of 1632 275 

cm⁻¹ and 1711 cm-1 correspond to the symmetric and asymmetric stretching vibrations of the 276 

carbonyl group, respectively. A broad band at ~3404 cm-1 indicates the presence of hydrated OH 277 

groups in the parent MO 43, 44, 50. Upon functionalization, the spectra of the modified MOFs (Cu-278 

BTC@3A3NP, Cu-BTC@3A4HP, and Cu-BTC@3A4H3MP) retain all the characteristic peaks of 279 

the parent Cu-BTC, confirming that the fundamental framework structure is preserved. Crucially, 280 

new peaks emerge that validate the successful grafting of the β-amino acids. Specifically, the peaks 281 

in the range of 2850–2950 cm-1 are now correctly assigned to the aliphatic and aromatic C–H 282 

stretching vibrations of the amino acid backbone. The successful coordination is further evidenced 283 

by the appearance of a distinct C–N stretching vibration in the region of 1200–1250 cm-1, which 284 

is absent in the pristine Cu-BTC MOF. Furthermore, the N–H stretching vibrations of the primary 285 

amine groups are clearly resolved in the 3300–3400 cm-1 region (overlapping with the broad O–H 286 

stretch). The presence of these specific C–H, C–N, and N–H vibrational modes, alongside the 287 

preserved Cu–O and BTC linker peaks, provides strong spectroscopic evidence that the β-amino 288 

acids have been successfully anchored to the open metal sites of the Cu-BTC MOF framework via 289 

post-synthetic modification  42, 51 (Figure 3). 290 

Upon functionalization, the spectra of the modified MOFs retain the characteristic peaks of the 291 

parent Cu-BTC MOF, confirming that the fundamental framework structure is preserved. 292 

Additionally, new vibrational modes emerge in the spectra, including broadened bands in the 293 

3300–3400 cm⁻¹ region (overlapping N–H and O–H stretches) and new features in the fingerprint 294 

region, which are suggestive of the incorporation of the β-amino acid moieties. We acknowledge, 295 

however, that while FTIR provides strong corroborative evidence of modification, it cannot 296 



definitively distinguish between strong surface physisorption and true coordination grafting on its 297 

own, nor does it quantify the exact loading of the amino acid. The successful functionalization is 298 

therefore inferred from the combination of these FTIR changes, the retention of crystallinity 299 

observed in PXRD, and the distinct changes in photocatalytic behavior. 300 

  301 

Figure 3. FTIR Spectra of β-amino acids, Cu-BTC MOF and β-amino acid modified Cu-BTC 302 

composites. 303 

1H NMR analysis: 304 

The 1H NMR spectra of three amino acids, 3-amino-3-(4-hydroxyphenyl)propanoic 305 

acid, 3-amino-3-(4-hydroxy-3-methoxyphenyl)propanoic acid, and 3-amino-3-(3-306 

nitrophenyl)propanoic acid, confirm their structures. The spectra exhibit characteristic 307 

resonances for aliphatic protons (2.13-4.7 ppm), aromatic protons (6.9-7.7 ppm and 7.01-308 

7.5 ppm), and hydroxyl protons (10.11 ppm). Specifically, 3-amino-3-(4-309 

hydroxyphenyl)propanoic acid shows resonances at 2.63-2.88 ppm for aliphatic and 4.28-310 

4.40 ppm also for aliphatic and 7.16 to 8.54 ppm for aromatic protons.  3-amino-3-(4-311 



hydroxy-3-methoxyphenyl)propanoic acid at 2.90-4.36 ppm for aliphatic and 6.81-7.79 312 

ppm for aromatic, and 3-amino-3-(3-nitrophenyl)propanoic acid at 2.64-2.90 ppm, 4.18-313 

4.58 ppm for aliphatic, and 7.5 to 8.18 ppm for aromatic protons42, 52 (Figure S1-S6). These 314 

findings are consistent with the 13C NMR results, which revealed distinct carbon resonances 315 

for the aliphatic backbones, aromatic rings, and functional groups (hydroxy, methoxy, and 316 

nitro), confirming the proposed structures. 317 

13C NMR analysis: 318 

The 13C NMR spectroscopic analysis of the three compounds provided valuable 319 

insights into their molecular structures. The spectrum of 3-amino-3-(4-320 

hydroxyphenyl)propanoic acid exhibited resonances at 42.94, 53.15, 115.5, 128.2, 137.54, 321 

173.21 ppm. This confirms the presence of an aromatic ring, a propanoic acid backbone, 322 

and a carboxylic acid group. In contrast, the 3-amino-3-(4-hydroxy-3-methoxyphenyl) 323 

propanoic acid spectrum displayed additional resonances at 114.16, 115.23, 122.26, 324 

123.31, 124.63, and 194.55 ppm. This indicate the methoxy group and an ester or amide 325 

carbonyl. The 3-amino-3-(3-nitrophenyl)propanoic acid spectrum showed resonances at 326 

43.41, 43.63, 43.73, 43.92, 44.12, and 177.34 ppm, due to propanoic acid backbone, a 327 

nitrophenyl group, and a carboxylic acid group 42, 52 (Figure S1-S6). These findings 328 

demonstrate the utility of 13C NMR spectroscopy in elucidating the structural differences 329 

among these compounds, highlighting the impact of substituents on the aromatic ring. 330 

Optical properties 331 

UV-vis absorption spectra are shown in Figure 4 for the prepared MOF, before and after 332 

modification with β-amino acid. The spectrum of Cu-BTC MOF exhibits a peak at 250-300 333 

nm, referred to �- � ∗ transitions in the aromatic rings in the BTC ligand and charge transfer 334 

transitions between the Cu (II) ions and the BTC ligand. A weak absorption region at 500 335 

nm is also observed, corresponding to d-orbital transitions of the Cu (II) ions 1, 53. In 336 

contrast, the spectrum of amino acid functionalized Cu-BTCs show additional peaks in the 337 

range of 350 nm. These peaks are attributed to the absorption of the amino acid functional 338 

groups. This peak suggests the formation of a pi-complex between the amino acid and the 339 

Cu (II) ions, indicating successful functionalization. The weak absorption at 500 nm is 340 

similar to that observed in Cu-BTC, corresponding to d-d transitions of the Cu (II) ions and 341 

ligand field transitions involving the Cu (II) ions and the BTC ligand 54-56. Amino acid 342 



functionalization leads to a bathochromic shift (red shift) in the UV-Vis spectrum suggests 343 

that the amino acid functionalization has successfully introduced new electronic transitions, 344 

leading to improved optical and electronic properties. Band gap energy value for both the 345 

Cu-BTC MOF and β-amino acid modified composite was determined from UV-Vis 346 

spectrum according to the Tauc plot by following the equation:  347 

(αhν) = A (hν - Eg) m                                (3) 348 

α is the absorption coefficient, hν is the photon energy, A is a constant, Eg is the band gap energy, 349 

m is an exponent that depends on the transition type: m = 1/2 for indirect allowed transitions. m = 350 

2 for direct allowed transitions, m = 3/2 for indirect forbidden transitions, n = 3 for direct forbidden 351 

transition. Extrapolating the linear region gave the band gap energy value. Cu-BTC MOF has a 352 

larger band gap energy 2.9 eV, indicating a wider energy gap between the valence and conduction 353 

bands. This suggests that the material has a higher energy barrier for electrons to transition from 354 

the valence to conduction band. Cu-BTC@3A3NP has a band gap energy 2.2 eV, Cu-355 

BTC@3A4HP 1.84 eV and Cu-BTC@3A4H3MP 2.75 eV indicating a narrower energy gap 356 

between the valence and conduction bands and band gap of other materials are given in (Figure 357 

S7-S10). This suggests that the amino acid modification has reduced the energy barrier for 358 

electrons to excitation from the valence level to conduction level, making it easier for electrons to 359 

flow, which is a promising sign for enhanced photocatalytic activity. 360 



 361 

Figure 4. UV-Vis spectra of Cu-BTC MOF and β-amino acid modified Cu-BTC composites. 362 

Point of Zero charge: 363 

The point of zero charge is a crucial parameter in determining the net surface charge of a 364 

photocatalyst in an aqueous solution. It reveals that the pH at which the surface charge 365 

shifting occurs. The pH drift method, a previously described method was used to determine 366 

the PZC 43. The PZC was determined by measuring the final pH of 8 samples with varying 367 

initial pH from 3 to 10, after 48 hours of equilibrating in 0.01M NaCl solution. The 368 

material’s point of zero charge is 7.7 for Cu-BTC@3A3NP, 7.9 for Cu-BTC@3A4HP and 369 

7.8 for Cu-BTC@3A4H3MP (Figure S11-S13).                                           370 

Photocatalytic properties  371 

Effect of amount of photocatalyst 372 

The effect of catalyst amount on dye degradation was investigated, revealing a 373 

significant enhancement in degradation efficiency with increasing catalyst loading up to a 374 

threshold. Specifically, 10mg of catalyst, 24.5%, 15% and 24.5% of the dye was degraded 375 

within 50 minutes. 25mg of catalyst, 51%, 47% and 50% of the dye was degraded within 376 

50 minutes. 50mg of catalyst, 86.9%, 69.2% and 82.4% of the dye was degraded within 50 377 

minutes. 75mg of catalyst, 86%, 68.3% and 81.3%of the dye was degraded within 50 378 
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minutes (a slight decrease) for methyl green with Cu-BTC@3A3NP, Cu-BTC@3A4HP, 379 

Cu-BTC@3A4H3MP respectively. Similarly, 10mg of catalyst, 21%, 18% and 18% of the 380 

dye was degraded within 50 minutes. 25mg of catalyst, 46%, 21% and 39% of the dye was 381 

degraded within 50 minutes. 50mg of catalyst, 52%, 46%, 48% of the dye was degraded 382 

within 50 minutes. 75mg of catalyst, 50%, 45% and 47% of the dye was degraded within 383 

50 minutes with Cu-BTC@3A3NP, Cu-BTC@3A4HP, Cu-BTC@3A4H3MP respectively 384 

(Figure S14). 385 

This indicates that the catalyst amount has a profound impact on the degradation efficiency, 386 

with higher amounts leading to faster and more extensive dye degradation up to an optimal 387 

point (50mg). Beyond this point, further increases in catalyst amount (75mg) do not lead to 388 

additional degradation, and even result in a slight decrease, suggesting a possible inhibition 389 

effect or saturation of active sites 1. 
390 

 (Ensure this sentence remains to fix the time alignment) 391 

"To assure the dye adsorption/desorption phenomenon, the reaction flask was covered with 392 

aluminium foil and stirred at 250 rpm for 30 minutes in the absence of visible light 393 

(represented as -30 to 0 minutes in the kinetic graphs). Following this dark equilibrium 394 

period, the flask was placed under a visible light source 395 

Effect of acidity and basicity of dye solution 396 

The value of pH is an important factor which effect the photocatalytic degradation of dye 397 

due to the presence of surface charge.36 Varied pH levels resulted in the different active species 398 

present in the system for photocatalysis. The positively charged holes and electron pairs served as 399 

primary catalytic species 57. The amino group in the MOFs acts as electron donor and decrease the 400 

recombination in acidic condition resulting in increased degradation due to the presence of holes 401 

36. While in basic conditions -OH combine with the holes and produce radicals with higher ability 402 

to cause degradation 58. 403 

Further studies to investigate the effect of pH on degradation of dyes experiment was 404 

conducted in acidic and basic conditions for both the dyes. For acidic conditions pH from 3 to 7 405 

was selected. Similarly, for basic conditions pH was adjusted between 8 to 12 for both the dyes. It 406 

was observed that MOFs showed maximum degradation of methyl orange in acidic pH=4 for Cu-407 

BTC@3A3N and Cu-BTC@3A4HP while for Cu-BTC@3A4H3MP pH=5 with 92%, 83% and 408 



85.5% degradation respectively. Similarly, maximum degradation of methyl green in basic pH=10 409 

with 98%, 96% and 93% photocatalytic degradation of dye in 50 minutes by using Cu-410 

BTC@3A3NP, Cu-BTC@3A4HP, Cu-BTC@3A4H3MP (Figure S15). At lower pH positive 411 

charge from amino group wins making the surface slightly positive. At higher pH the negative 412 

charge from the nitro group wins making the surface charge slightly negative. This dynamic 413 

surface charge created by the modification, allows the material to adapt to changes in pH and 414 

degrade both cationic and anionic dyes (Figure 5). In acidic conditions, the protonation of MO 415 

enhances electrostatic attraction with the negatively charged MOF surface, facilitating 416 

degradation. Conversely, MG is cationic and exhibits stronger interaction with the MOF in basic 417 

medium due to deprotonation of surface groups, improving adsorption and degradation efficiency.418 



                  419 

 420 



Figure 5. Graphs showing effect of acidity and basicity of dye solution on percentage 421 

degradation of two dyes methyl orange and methyl green. 422 

Effect of contact time  423 

As modified MOFs has demonstrated exceptional photocatalytic activity, achieving 424 

maximum degradation of methyl green and methyl orange dyes within 70 minutes. This highlights 425 

its potential as a highly effective photocatalyst for dye degradation. The incorporation of specific 426 

amino groups (3A3NP, 3A4HP, 3A4H3MP) into the MOF structure has significantly enhanced its 427 

photocatalytic efficiency. The optimized band gap of the prepared MOF enables efficient 428 

harnessing of visible light, reducing the recombination of photo-generated electron-hole pairs and 429 

thereby boosting its photocatalytic performance. In photocatalytic process, the presence of amino 430 

groups in MOFs enhances the catalyst's electron transfer capabilities, leading to improved 431 

oxidation potential and increased degradation of dye molecules 39. Prolonged solar irradiation and 432 

the use of Cu-BTCNH2  as a catalyst also facilitate the removal of dyes 59. The photocatalytic 433 

process involves the generation of positively charged holes by organic ligands. This transfer of 434 

photo-initiated electrons to metal nodes, resulting in a charge transfer process that drives the 435 

degradation of dyes through oxidation. The amino groups in the metal-organic frameworks can 436 

reduce the reunion of electrons and holes, prolonging the oxidation and degradation process 60-62 437 

(Figure 6 a & b).  438 

Prior to exposure to sunlight, the dye solutions containing the samples were allowed 439 

to reach adsorption-desorption equilibrium by being kept in the dark for 30 minutes. Then, 440 

the solutions were stirred under sunlight, and samples were collected at 10-minute intervals 441 

to assess the photocatalytic degradation of the dyes. This procedure enabled the evaluation 442 

for all the four samples' photocatalytic activity under sunlight irradiation. 443 

Cu-MOFs struggled to remove dyes through direct adsorption in the absence of light. 444 

However, when exposed to sunlight, Cu-BTC-NH2 exhibited enhanced catalytic properties, 445 

leading to significantly improved dye removal. The degree of improvement was directly 446 

proportional to the duration of irradiation, with optimal degradation achieved at 70 minutes upto 447 

99.1% degradation. Thus, this comparison showed that modified MOFs gave better results than 448 

the parent MOF. The recyclability of the synthesized MOFs was tested over five consecutive 449 



photocatalytic cycles. The MOFs retained more than 85% of their initial degradation efficiency 450 

after five cycles, demonstrating good stability and reusability under the experimental conditions.  451 

The recyclability of the synthesized MOFs was tested over five consecutive photocatalytic cycles. 452 

The MOFs retained more than 85% of their initial degradation efficiency after five cycles. While 453 

direct hydrothermal stability tests (such as prolonged water-soaking followed by PXRD) were not 454 

performed in this study due to instrumental constraints, this consistent performance over multiple 455 

cycles in aqueous media serves as strong indirect evidence of the framework's structural integrity 456 

and resistance to rapid degradation under operational photocatalytic conditions. 457 



     458 

       459 

 460 
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Figure 6. Graphs representing the degradation of (a) methyl orange and (b) methyl green by amino 461 

acid modified MOFs (Cu-BTC@3A3NP, Cu-BTC@3A4HP, Cu-BTC@3A4H3MP) with contact 462 

time and their % degradation efficiencies. The x-axis explicitly denotes the dark adsorption 463 

equilibrium phase from -30 to 0 minutes, followed by visible light irradiation from 0 to 90 minutes. 464 

Fixed conditions: 50 mg catalyst, 100 mL of 10 ppm dye solution, natural pH.  465 

Binary solution of dyes 466 

Finally, a binary solution of both the dyes was used to observe the simultaneous degradation of 467 

cationic and ionic dyes to highlights the materials efficacy due to its best results among others. A 468 

10ppm binary solution of dyes (methyl orange and methyl green) in deionized water was prepared 469 

and irradiated under sunlight for regular intervals of time. As compared to the previous results for 470 

single dye solution the material also used showed significant degradation of dyes in mixture with 471 

for methyl orange. MO degradation was 81%, 78%, 79% in the presence of Cu-BTC@3A3NP, 472 

Cu-BTC@3A4HP, Cu-BTC@3A4H3MP in 90 minutes. Likewise, for methyl green 96%, 89% 473 

and 93% by using Cu-BTC@3A3NP, Cu-BTC@3A4HP, Cu-BTC@3A4H3MP as photocatalyst 474 

(Figure 7 a-d & Figure S16).  The implication of these results suggests that this material could 475 

be used to treat complex wastewater streams containing a mixture of different pollutants. From 476 

results it was concluded that our synthesized MOF showed excellent degradation efficiencies as 477 

compared to other reported materials as given in Table 2. 478 

 479 



 480 

Figure 7. UV–Vis absorption spectra and degradation performance of MOF-based materials 481 

toward MO and MG dyes. (a) UV–Vis spectral changes of MO and MG in a binary dye mixture. 482 

(b) Comparative UV–Vis spectra of the binary MO–MG dye solution after treatment with different 483 

MOFs. (c) MO and MG during degradation using Cu-BTC@3A3NP. (d) Degradation efficiency 484 

(%) of MO and MG dyes in binary dye solutions using different modified MOFs, contact time (0–485 

90 min), illustrating the superior performance of Cu-BTC@3A3NP. 486 

Table 2. A comparison of the photocatalytic degradation efficiency of previously reported MOFs 487 

with Cu-BTC@3A3NP, Cu-BTC@3A4HP, Cu-BTC@3A4H3MP.  488 



Photocatalyst Photocatalyst 

dosage 

Dye 

concentration 

Time %Degradation  Reference 

Cu Co-ZIF 100mg 50mg/L(MO) 60min 99.4% 63 

Cu Co-ZIF 50mg 40mg/L(MB) 100min 98% 63 

HKUST-1 10mg 10mg/L(MB) 90min 53% 64 

Cu (II)–[ABA–MA] 50mg 20mg/L(MB) 120min 93.6% 65 

Cu-BTC 20mg 10mg/L(MB) 60min 95.2% 6 

Co-MOF-74 30mg 10mg/L(RhB) 180min 95.2% 66 

Amino-MOF-1 50mg 20mg//L(MB) 120min 92.5% 67 

Cu-BTC@3A3NP 50mg 10mg/L(MO) 70min 88% This study 

Cu-BTC@3A3NP 50mg 10mg/L(MG) 70min 96% This study 

Cu-BTC@3A4HP 50mg 10mg/L (MO) 70min 81% This study 

Cu-BTC@3A4HP 50mg 10mg/L (MG) 70min 94% This study 

Cu-BTC@3A4H3MP 50mg 10mg/L (MO) 70min 83% This study 

Cu=BTC@3A4H3MP 50mg 10mg/L (MG) 70min 95% This study 

 489 

Proposed Mechanism 490 

The exceptional photocatalytic performance of amino acid-modified Cu-BTC MOF in 491 

degrading methyl green and methyl orange has been previously discussed. To understand 492 

this phenomenon, it's crucial to elucidate the underlying mechanism. The photocatalytic 493 

process is initiated by the generation of electron-hole pairs between the valence and 494 

conduction bands, leading to the degradation of dyes. To comprehend this process, 495 

determining the positions of the valence and conduction bands of the semiconductor is 496 

essential. This knowledge will shed light on the electronic transitions involved in the 497 

photocatalytic reaction, allowing for a deeper understanding of the mechanism68. 498 

The valence band (VB) and conduction band (CB) positions of the amino acid-modified 499 

Cu-BTC MOF can be estimated using the band gap energy by following these equations: 500 
�� = � − 
� − 0.5
�   (4) 501 
�� = � − 
�� + 
�                   (5) 502 

� = [�(�)� + �(�)� + �( )!] 1$+&+'     (6) 503 

β-amino acid modified Cu-BTC MOF has a valence band (EVB) value of 1.85eV and a 504 

conduction band (ECB) value of -0.75 eV for Cu-BTC@3A3NP, valence band (EVB) value 505 

of 1.75eV. The conduction band (ECB) value of -0.25 eV, for Cu-BTC@3A4HP and valence 506 



band (EVB) value of 2.05eV and a conduction band (ECB) value of -0.525 eV, for Cu-507 

BTC@3A4H3MP. Thus, the materials are assumed to be p-type semiconductors, with a 508 

Fermi level located near the valence band edge, indicating hole transfers. The positive 509 

valence band value and negative conduction band value facilitate oxidation and reduction 510 

reactions, respectively, making this material suitable for photocatalytic applications 69, 70. 511 

Reactive oxygen species (ROS) induce the photocatalytic degradation of azo dyes, cleaving 512 

the azo link and resulting in colour loss (Figure S16). Amino acid-modified MOFs improve 513 

this process by increasing light absorption, charge carrier separation, ROS production, and 514 

stability. ROS destroy the azo link in dyes such as MO and methyl green, breaking 515 

conjugation and causing colour loss, consistent with the decrease in absorption according 516 

to UV-vis analysis, as colour changes specifically from orange to colourless and green to 517 

colourless (Figure 8). Combining amino acid-modified MOFs and ROS results in effective 518 

azo dye degradation, making it a viable alternative for wastewater treatment and 519 

environmental remediation 71. 520 

 521 

 522 



Figure 8. Proposed mechanism of photocatalytic dye degradation by β-amino acid 523 

modified metal organic frameworks.  524 (Amino/Cu BTC) + hv  → ( Amino/Cu BTC )(e− +  h+)        (7) 525 (Amino/Cu BTC)(e−)  +  O2 +  →  + O2•−                                 (8) 526 (Amino/Cu BTC)(h+) +  H2O +  e−  →  + OH•                         (9) 527 O2•− +  MO/MG →  Harmless degradation product +  H2O     (10) 528 OH• +  MO/MG →  Harmless degradation product +  H2O     (11) 529 

It is important to note that while the observed reduction in the optical band gap and the enhanced 530 

photocatalytic activity strongly suggest improved visible-light harvesting and more efficient 531 

charge separation, direct experimental validation of charge carrier dynamics (e.g., via 532 

photoluminescence or electrochemical impedance spectroscopy) and specific surface area changes 533 

(BET analysis) were beyond the scope of the current study due to instrumental constraints. These 534 

mechanistic inferences are strongly supported by established literature on functionalized MOFs. 535 

Comprehensive structure–property–activity relationship studies utilizing these advanced 536 

techniques are currently underway and will be the focus of our immediate future research. 537 

Conclusion 538 

In conclusion, this study successfully demonstrates the synthesis, structural retention, and 539 

enhanced visible-light photocatalytic activity of novel β-amino-functionalized Cu-BTC 540 

composites. PXRD, FTIR, and SEM analyses confirmed the successful post-synthetic 541 

modification and morphological changes, while UV-Vis spectroscopy revealed a significant 542 

reduction in the optical band gap. These modifications led to superior photocatalytic performance, 543 

achieving up to 99% degradation of methyl green and methyl orange under visible light. 544 

While this work provides compelling evidence for the efficacy of these functionalized 545 

MOFs, we acknowledge that a comprehensive elucidation of the structure–property–activity 546 

relationships requires further advanced characterization. Due to current instrumental limitations, 547 

direct measurements of specific surface area (BET), charge carrier dynamics (e.g., 548 

photoluminescence or electrochemical impedance spectroscopy), and long-term hydrothermal 549 

stability were not included in this study. The claims regarding enhanced charge separation and 550 



surface properties are currently inferred from the observed optical and photocatalytic data, 551 

consistent with literature on similar systems. Addressing these aspects through detailed 552 

mechanistic and advanced physicochemical studies is the primary objective of our ongoing and 553 

future research. Ultimately, the findings presented here highlight the promising potential of β-554 

amino-functionalized Cu-BTC as a robust photocatalyst for environmental remediation. The 555 

mechanistic inferences regarding charge separation are currently supported by the observed 556 

optical/photocatalytic data and established literature on similar systems. Comprehensive structure–557 

property–activity relationship studies utilizing these advanced techniques are the primary objective 558 

of our ongoing and future research. 559 
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    A o − A t  A o   X   100


     O 2  • − +   MO / MG →   Harmless   degradation   product +    H 2 O


   OH • +   MO / MG   →   Harmless   degradation   product +    H 2 O


  𝜋


  𝜋 ∗


    E  C B =   X − E  e −   0 . 5 E  g


    E  V B =   X − E  C B +   E  g


  X = [ 𝜒    ( A )  a + 𝜒    ( B )  b + 𝜒    ( C )  c  ]   1  a + b + c


  ( Amino / Cu   BTC )   + hv     → (   Amino / Cu   BTC   ) (  e − +    h + )


  ( Amino / Cu   BTC )   ( e − )   +    O 2   +     →   +      O 2  • −


  ( Amino / Cu   BTC ) (  h + )   +    H 2 O +    e −   →   +    OH •

