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Abstract
Mixed ligand synthetic approach offers an alternative to engineer a speci�c character in metal-organic framework (MOFs) materials. Herein,
we synthesized and characterized a well-known prototype zirconium based-MOF, so called UiO-66 and its mixed ligand derivatives UiO-66-
xATA, where x is mole fraction (0.5, 0.75 and 1.0) and ATA is 2-animoterephthalate. The aim of the study is to observe whether the dye
adsorption capacity can be tuned/enhanced by the ATA ligand substitution into the framework. We found that, at room temperature, UiO-66-
0.75ATA shows the highest adsorption capacity toward various dye solution including methylene blue (MB), indigo carmine (IC) and congo red
(CR). The optimum adsorption conditions in all four materials were found to be in a common trend where their adsorption capacities can be
increased with decreasing pH and adsorbent dose, increasing of IC concentration, contact time and temperature. Pseudo-second order kinetics
model �ts best with their adsorption data, where UiO-66-ATA has the fastest rate of adsorption. Langmuir and Freundlich isotherms were
found to best describe adsorption behaviour in ATA-containing UiO-66 and UiO-66 respectively, where adsorption processes were found to be
physisorption. Con�rming by thermodynamic studies, the adsorption in all four materials occurred spontaneously, driven by entropy.
Computational studies showed ligand to metal charge transfer where the distribution of electron densities was varied with the amount of
functionalized ligand. Adsorption mechanism is proposed as a synergistic interplay between electrostatic interaction and hydrogen bonding.
The �ndings in this work broaden potential strategy to �ne-tune the dye adsorption capacity in MOF materials.

1. Introduction
Serving for human’s daily life necessities, textile is one of the world’s most important industries with the worth of its global industry estimated
at US$1 trillion worldwide.1 Due to continuously increasing global population, there has been a substantial expansion of such industry around
the world. During textile processing, a variety of dyes is discharged into water e�uent on a large scale, estimated to account for more than
35% of chemicals released in the environment.2 As a result, there have been great and wide concerns on water pollution and its impact on the
environment, as compounds within dyes e.g. aromatics, metals and chlorides are potentially toxic to living organisms, including aquatic life
and humans. Therefore, it is very important that dye-contaminated water e�uents are properly treated before their discharge into the water
environment. So far, various methods have been developed to treat dye wastewater e.g. membrane �ltration, chemical treatment, incineration,
adsorption and biological oxidation. Amongst these methods, adsorption on porous materials is being considered as a promising approach,
because of its simplicity, low cost and ease of operation.

(SBUs) with organic ligands through coordinate covalent bonds, have been widely investigated, because of their excellent physicochemical
property as adsorbents. Up to now, research studies have been conducted on several MOFs e.g. MIL-53,3 MIL-100,4 MIL-101,5 HKUST-1,6

CuBTC,7 and UiO-66.8 However, regardless of their high performance in liquid adsorption, the stability of MOFs under aqueous solution is
undoubtedly another important factor that has to be taken into consideration. Among all previously investigated MOFs, UiO-66 is the most
promising candidate for dye removal in aqueous solution, as its crystallinity could be retained after aging in water up to 12 months.9

UiO-66 (Zr6O4(OH)4(BDC)12) is a zirconium based MOF made up of [Zr6O4(OH)4] SBUs linked with 1,4-benzenedicarboxylic acid. Because of its
structure, UiO-66 exhibits a large surface area, excellent pore volume and high thermal, chemical and mechanical stability. As a result, it can
endure strong basic and acidic solutions as well as organic solvents and thereby having great potential in wastewater treatment. So far, the
adsorption performance of UiO-66 has been investigated on several dyes.8–17 In addition to dye types, the adsorption capacity is also directly
in�uenced by UiO-66 intrinsic properties, including electrostatic interactions, hydrogen bonding, acid-base interactions, π-π interaction,
hydrophobic interaction and pore/size selective adsorption. As such, a number of attempts have been made in order to gain an understanding
of how these properties affect the adsorption process and thus �nd possible ways to improve the adsorption performances of UiO-66.
Previous attempts include (1) use of novel synthesis process (2) introduction of mixed metal into SBUs (3) introduction of mixed ligand into
framework (4) alteration of the surface charge by attachment of acidic/basic molecules and (5) variation of the ligand’s functional group.

The concept of mixed-component metal-organic framework (MC-MOFs) is a worth investigating option for enhancing UiO-66 adsorption
performance. As MOFs have tunable porosities and thus they can be tailor-made to have heterometallic SBUs or different ligands connected to
SBUs. By modi�cation of metals or ligands, synthesized MC-MOFs could offer multifunctionality as well as their intrinsic properties could be
�ne-tuned to be suitable for speci�c application. Simply, MC-MOFs can be classi�ed into 2 major groups, i.e. (1) mixed-metal (MM-MOFs) and
(2) mixed-ligand MOFs (ML-MOFs). While the former is de�ned as those MOFs having more than one metal somewhere in their structure, the
latter is referred to those having more than one type of ligand in the framework.18 Due to the synergy that could derive from the presence of
mixed components, several studies reported superior performance of MC-MOFs in dye adsorption, compared to mono-component MOFs.

In the case of UiO-66, better performance for dye adsorption by its MM-MOFs have been reported when the insertion of Ce(III) or Ti(IV) ions
was made into the material framework.10,16 In contrast, there is still no study made to investigate its mixed-ligand performance on the dye
removal from aqueous solution, which thus became the aims of this study.
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In this study, mixed ligand UiO-66 (ML-UiO-66) was synthesized by variation of ligands between BDC and BDC-NH2 (ATA) in the molar ratio of
1:0, 0.5:0.5, 0.25:0.75 and 1:0 and then characterized by several techniques. The dye adsorption performance of all synthesized MOFs were
examined using indigo carmine (IC), the organic compound that most commonly associated with the production of denim cloth and blue
jeans. Up to our best knowledge, this is the �rst time investigation on IC removal from aqueous solution by UiO-66 and its mixed ligand
derivatives. The adsorption parameters, adsorption isotherms, adsorption kinetics, and adsorption thermodynamics of all synthesized
materials were also studied in order to investigate an effect of mixed ligand approach on UiO-66 adsorption capacity. Based on collected
parameters and simulation results, the possible mechanisms of adsorption process in all adsorbents were also proposed and discussed.

2. Experimental Section

2.1 Syntheses of the adsorbents

2.1.1 UiO-66
UiO-66 was synthesized according to the previously reported procedure.19 All chemicals including zirconium chloride, 1, 4-benzenedicarboxylic
acid (bdc) and N, N-dimethylformamide (DMF) were purchased from commercial vender and used without prior puri�cation. UiO-66 was
prepared via a solvothermal route without using any modulator. UiO-66 was made by mixing 0.7768 mg ZrCl4 with 0.5538 g of bdc in 20.0 mL
of DMF. The mixture was placed in a 45 mL Te�on-liner stainless steel autoclave and heated to 120°C for 24 hours. The reaction vessel was
left to cool down naturally to room temperature before the white �ne powder product was �ltered. The product was eventually washed several
times with DMF and methanol before drying in the oven at 70°C overnight. To activate the sample, 1.000 g of as-made materials was treated
with 20 mL of methanol overnight and recovered by �ltration. The as-made material was calcined at 573 K for 12 hours under ambient
condition. The calcined samples were stored in a desiccator until used.

2.1.2 UiO-66-ATA
UiO-66-ATA is isostructural to UiO-66 and then its synthetic process was conducted using the similar procedure to that of UiO-66. The only
difference was the use of 0.6038 g of 2-amino-1, 4-benzenedicarboxylic acid (ATA), instead of bdc. Similarly, ATA was also purchased from
commercial vendors and used without prior puri�cation. The sample was also activated using the above mentioned procedure in 2.1.1, but
with calcined temperature of 493 K.

2.1.3 Mixed ligand-UiO-66
In this study, two types of mixed-ligand UiO-66, i.e. UiO-66-0.5ATA and UiO-66-0.75ATA, were synthesized. Speci�cally, the former was prepared
by mixing 0.7768 mg ZrCl4 with 0.2769 g of bdc and 0.3019 g of ATA in 20.0 mL of DMF. For the latter, the same quantity of ZrCl4 and DMF
were used but with 0.1385 g and 0.4529 g of bdc and ATA respectively. For sample activation, the similar procedure as 2.1.1 was employed,
but with some modi�ed conditions. Speci�cally, calcined temperature of 493 K and heating duration of 9 hours were implemented for UiO-66-
0.5ATA, where the temperature of 473 K and the duration of 12 hours were used for UiO-66-0.75ATA.

2.2 Characterization of synthesized adsorbents
In this study, several techniques were employed for characterizing all of synthesized MOFs. Firstly, the successful synthesis of product
samples was con�rmed by powder X-ray diffraction patterns (PXRD) using powder X-ray diffractometer (X’Pert MPD, Philips, USA) equipped
with Cu Kα radiation (λ = 0.15406 nm). The PXRD patterns were collected in the 2θ range of 3° − 60° at a step size of 0.03° and a scan speed
of 1.8°/min. Obtained PXRD patterns were compared with the simulated pattern calculated with Mercury 3.9 by using the unit cell parameter
obtained from the previous work.[1] Secondly, crystal morphology of the samples was observed using a �eld-emission scanning electron
microscope (Merlin compact, Carl Zeiss, Germany). Thirdly, thermal behavior and decomposition temperature of the samples were
investigated using thermal analyzer. The thermogravimetric plots were collected at a temperature range of 50.0-800.0°C with a heating rate of
10°C/min. In addition, intrinsic character of samples, including surface area, pore size and pore volume, were investigated using N2

adsorption/ desorption isotherms. The materials were degassed at 423 K under high vacuum for 12 hours before performing the data
collection which was done using a surface area and porosity analyzer (ASAP2460, Micromeritics, USA).

2.3 Dye adsorption experiments
Indigo carmine (IC) stock solution was prepared at a concentration of 1 g/L and stored at room temperature. Successive dilution of the stock
solution with deionized water was used to prepared IC solution at various concentration. Optimum parameters such as pH, adsorbent dose,
initial dye concentration and contact time were determined. Every experiments used 10.000 mg of the adsorbent in 10.000 mL IC solution. pH
of the solution was �xed at 6.50. The well-mixed condition between IC solutions and the adsorbents was ensured using the incubator shaker,
which operated at a �xed shaking rate of 200 rpm and a �xed temperature of 303 K. The mixtures were left overnight until reaching
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equilibrium. IC solution after adsorption was acheived by centrifugation at 3,000 rpm for 5 minutes. UV-Vis spectrophotometer (Model 1205,
Unico, USA) was used to determined the absorbance at 464 nm, which was later used for the calculation of IC solution. The obtained data
from adsorption studies were used for �tting with several kinetic models including pseudo-�rst-order, pseudo-second-order and Elovich kinetic
model, where the rate limiting step and diffusion mechanism of IC adsorption by all the adsorbents were analyzed using intra-particle
diffusion model (IPD) [2] and Boyd kinetic [3]. The change of adsorption capacity with initial concentration at selected temperatures were �tted
with Langmuir,20 Freundlich,21 Dubunin-Radhsbkevish (D-R) and Temkin isotherm. Later on, adsorption thermodynamics parameters including
enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) for all four MOFs under 303, 313, and 323 K, were calculated.

2.4 Computational details
All possible SBU structures of UiO-66, UiO-66-0.5ATA, UiO-0.75ATA and UiO-66-ATA which are [Zr6O4(OH)4(OOC-C6H4-COO)12]12−,

[Zr6O4(OH)4(OOC-C6H4-COO)6(OOC-C6H6N-COO)6]12−, [Zr6O4(OH)4(OOC-C6H4-COO)3(OOC-C6H6N-COO)9]12− and [Zr6O4(OH)4(OOC-C6H6N-

COO)12]12− respectively, were created and optimized at PM6 level of theory. The optimized structures (Figure S11) were then subjected to
excited-state calculations using TD-DFT calculations at PBE1PBE/LanL2DZ level of accuracy. All calculations were performed by Gaussian09
program package.22 Additionally, the orbitals of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbitals
(LUMO) of all structures (Figure S12) were generated by GaussView 5.0 program.23

3. Results And Discussions

3.1 Characterization of UiO-66 and its analogues
By using powder X-ray diffractometer, PXRD patterns of UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA were constructed and present
in Fig. 1 (a). From the �gure, a good match between PXRD pattern of UiO-66 sample and that of UiO-66 simulated from crystallographic data,
obtained from the literature (cubic, space group: Fm-3m with a = 20.7004(2) Å and Z = 1) was observed and thus con�rmed the successful
synthesis of the compound.19 In addition, PXRD patterns of two mixed ligand UiO-66 (i.e. UiO-66-0.5ATA and UiO-66-0.75ATA) and UiO-66-ATA
also correspond well with that of UiO-66 sample as well as the simulated one, suggesting they all are isostructural to UiO-66. Further
con�rmation was made by employing FTIR spectroscopy as shown in Fig. 1 (b). From the �gure, IR spectra of both IC dye and adsorbents
before and after adsorption are presented. The spectra of all 4 pre-adsorbed MOFs show characteristic peaks, which con�rms the formation of
the framework. Speci�cally, these peaks include two locations at about 660 cm− 1 and 700–900 cm− 1, which represent μ3-OH and Zr-O
stretching vibration, respectively. Additionally, two strong peaks at 1400 and 1590 cm− 1, representing asymmetric stretching in OCO and
symmetric stretching in OCO, and one small peak at about 1500 cm− 1, representing vibration of C = C in a benzene ring, are also observed. The
successful synthesis of the two mixed ligand UiO-66 and UiO-66-ATA was also con�rmed, as the IR spectra show characteristic peaks at 1255
together and 1370 cm− 1, representing C-N stretching in the aromatic carbon and nitrogen, and 1622 cm− 1, representing N-H bending vibration,
all of which belong to the chemical characteristic of ATA ligands. After IC adsorption, the spectra of all four materials display characteristic
peaks of IC dye e.g. asymmetric and symmetric S-O stretching vibrations at 1031 and 1105 cm− 1 and asymmetric stretching vibration in S = O
at 1323 and 1369 cm− 1. As a result, these con�rm the adsorption of IC molecules onto the adsorbent. In addition, the con�rmation can be
made by observing changes in the spectral intensity. Noticeably, the transmittance intensity of the O-C-O vibration and the N-H vibration
becomes decreased after IC adsorption, thereby suggesting that there are adsorbent-adsorbate interactions.

Thermal stability of all four MOFs was investigated using TGA and the result is illustrated in Fig. 1 (c). The �gure shows that all materials
have similar TGA patterns, which can be divided into three distinct temperature regions. For the �rst one, from temperature of 298 to 373 K,
displays sharp and initial drops in weight percentage of samples, corresponding to the loss of water or methanol molecules, caused by
vaporization. The second range, from 373 to 648 K, show nearly �at pro�les, which imply an absence of guest molecules and thus con�rm the
successful material activation. Reasonably, the weight loss during this region is attributed to the dehydroxylation of the zirconium oxo-
clusters. Following, the third region is marked by another signi�cant weight loss, which is the indicator of the organic ligand departure or the
framework decomposition. Notably, the thermal stability of MOFs appears to become decreased as the loading of ATA linkers in the MOFs
increases. Numerically, the decomposition temperature of UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA were determined to be 700,
653, 613 and 573 K, respectively. These observations are in an agreement with previous study, which reported the decreasing trend of MOFs
thermal stability with the rising number of ATA ligand.24

In addition, results from TGA analysis also enable an estimation of missing organic linker numbers by comparing the weight loss percentage
occurring during the last region. As labelled on Fig. 1 (c), the actual loss of UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA are found to
be 36, 30, 40 and 30%, respectively, all of which are lower than theoretical loss that could be observed in the perfect UiO-66 (54%) or UiO-66-
ATA (57%). The differences in loss values could be rationalized by the defect of either missing ligand or cluster. Nevertheless, the latter can be
eliminated, as our PXRD, Fig. 1 (a), shows no characteristic peak at 2θ of 2–7 degrees. Subsequently, it infers missing ligand defects as cause
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of discrepancies, which is consistent with previous study.25 The ligand weight loss found in UiO-66 sample is also in a good agreement with
previous reports, which indicate the missing of one from the total of 12 ligands.26 However, for the rest of materials, the comparison was not
possible, due to uses of different synthetic procedure and conditions, both of which are known to essentially in�uence the degree of material
defects. Speci�cally, our used synthesis was carried out without adding any modulator, while it was employed by others.

By employing elemental analysis, there was a possibility to make the calculation on the number of ATA substitution in the framework,
following the method proposed by Ferreira et. al.24 The calculated results are tabulated in Table 1, whereas our detailed calculation can be
found in the supporting information. It has been observed from the table that the higher the amount of ATA ligands, the higher the amount of
nitrogen mass percentage. The molar proportion of the functionalized linker (%func) of UiO-66-0.5ATA and UiO-66-0.75ATA were determined
and found to be 59.20 and 82.89%, respectively. The mismatch between experimental molar proportion from and its set value could be
hypothesized from the random missing ligand vacancy in the materials, whose missing ligands might be BDC rather than ATA. The carbon
mass percentage in each material is also shown in Table 1. Again, a small difference in carbon mass percentage between the experimental
and theoretical values of each material could come from the number of missing ligands that cannot be identi�ed.

Table 1
Molar fraction and mass amount of organic linkers used in each sample, mass percentage of carbon (%C)

and nitrogen (%N) obtained from CHON/S elemental analysis and calculated experimental molar proportion
of the functionalized linker (%func)24,27

Samples XBDC mBDC (g) XATA mATA (g) %C exp

(Theoretical %C)

%N

(Theoretical %N)

%func

UiO-66 1 0.5538 0 0 25.827 ± 0.036

(24.17)

- 0

UiO-66-0.5ATA 0.5 0.2769 0.5 0.3019 25.850 ± 0.046

(23.72)

2.232 ± 0.005

(1.73)

59.20

UiO-66-0.75ATA 0.25 0.1385 0.75 0.4528 27.886 ± 0.019

(23.58)

3.371 ± 0.022

(2.29)

82.89

UiO-66-ATA 0 0 1 0.6038 25.888 ± 0.044

(23.29)

3.884 ± 0.046

(3.40)

100

To assess porosity of synthesized materials, BET surface area analysis was conducted before and after IC adsorption. From Fig. 1 (d), it can
be seen that the nitrogen isotherms of all four materials follow IUPAC type IV isotherm, thereby con�rming the presence of mesopores in their
frameworks. From Table 2, the parent UiO-66 was found to have a BET surface area of 1281.6 m2/g and a total pore volume of 0.4596 cm3/g,
both of which are highly consistent with values previously reported in the literature for UiO-66 synthesized without using any modulator.19,28 In
addition, the surface area of materials is observed to have a decreasing trend with an increasing number of ATA ligands connected to the
framework, as that of UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA were determined to be 877.1, 579.4 and 441.9 m2/g, respectively. This is
in fact expected, since higher number of ATA means more NH2 group, which can protrude into the micropores of the MOFs and thus lead to the

subsequent lower surface area.25

Table 2
The BET surface areas, pore sizes and pore volumes of UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA before and after IC adsorption

Sample Before adsorption After IC adsorption

BET surface area

(m2/g)

Pore size (Å) Pore volume (cm3/g) BET surface area

(m2/g)

Pore size (Å) Pore volume (cm3/g)

UiO-66 1281.6 14.34 0.4596 389.7 70.20 0.6839

UiO-66-0.5ATA 877.1 20.59 0.4515 711.8 21.80 0.3880

UiO-66-0.75ATA 579.4 46.3 0.6704 708.3 40.66 0.7200

UiO-66-ATA 441.9 22.11 0.2442 512.26 22.78 0.2918

Unlike UiO-66, it has been found that obtained surface area of UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA are smaller than those from
literature in the order of 1.4, 2.1 and 2.6-folds respectively. These discrepancies are most likely due to differences in synthetic and activation
methods employed in this and other studies.29,30 For post-adsorption, BET surface area of both UiO-66 and UiO-66-0.5ATA becomes decreased
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with factors of c.a. 3.3 and 1.23 times lower than those of pre-absorbed counterparts, respectively. In contrast, there were c.a. 1.2-fold
increases in surface area of post-absorbed UiO-66-0.75ATA and UiO-66-ATA. The signi�cant reduction in UiO-66 surface area could be resulted
from partial damages of MOF structure, which were induced during adsorption process, as well as the pore-�lling effect of IC on the
macropores between MOF particles. In addition, there could be serious pore blockage by large quantities of IC onto UiO-66 surface, thereby
making the micropores in MOF crystals become no longer accessible for N2 adsorption. Since the average pore size of the material was found
to become increased after adsorption, the blocked pores would be micropores, resulting in a decrease of speci�c surface area. For UiO-66-
0.5ATA, similar rationales could be used as an explanation for the material reduced area. Nevertheless, its less degree of reduction could be
resulted from the loss of ATA ligands during adsorption process, which then led to wider pore entrance and subsequent higher surface area of
post-absorbed material. This metal-ligand breakdown is prone to be induced by the attack of water, as stability of ML-UiO-66 and UiO-66-ATA
are less stable.31 Our hypothesis was supported by increased surface area obtained in post-adsorbed UiO-66-0.75ATA and UiO-66-ATA, whose
pre-absorbed structures have the higher number of ATA ligands than that of UiO-66-0.5ATA.

3.2 Adsorption parameters
Adsorption behaviour of a particular adsorbent depends deeply with adsorption parameters including pH of dye solution, adsorbent
concentration, initial dye concentration and contact time. Figure 2 (a), (c) and (d) show the effect of the �rst three adsorption parameters on
adsorption behaviour of all studied adsorbents. Principally, pH has a direct in�uence on dye adsorption as its variation can stimulate the
protonation or deprotonation of the adsorbents as well as the ionization of the dye molecules. Herein, an effect of solution pH on IC removal
by synthesized MOFs was investigated in a range of 2 to 11 and the results are presented in Fig. 2 (a). It can be seen that all synthesized
MOFs show similar trend in their adsorption behaviour toward a change of pH, where the maximum adsorption capacity was observed at the
lowest pH solution of 2.0. With increasing pH, the adsorption capacities drop continuously until reaching the lowest adsorption capacity at a
pH of 11. This suggests that electrostatic interaction plays a crucial role during adsorption. Reasonably, under lower pH, there is a higher
degree of H+ presence in the solution, which in turns promotes the protonation of the absorbent and thus a positive-charged surface as
evidenced by zeta potential measurement, as shown in Fig. 2 (b). Because of the negative-charged nature of IC, there is a greater electrostatic
attraction between the dye molecules and protonated absorbents, resulting in a higher adsorption capacity. From zeta potential measurement,
at a pH of 7, it is evidient that adsorbents containing ATA ligand bear more negative-charged surface compared to UiO-66. This results in a
lower adsorption capacity at every observed pH found in UiO-66-ATA compared to that of UiO-66. However, when comparing adsorption
capacity between UiO-66 and mixed component UiO-66, UiO-66-0.75ATA shows the highest adsorption capacity over all tested pH, regardless
to its more negative charge in nature, while UiO-66-0.5ATA shows higher adsorption capacity at some particular pH. This implies that, apart
from electrostatic interaction, there must be other interactions involving during the adsorption process. Nevertheless, even at their lowest
capacity, all the adsorbents still displayed relatively high IC removal in comparison with previous studies.32–34 Their high durability under a
harsh pH condition was also ensured as evidenced from PRXD result, Fig. 1 (a)-inset, which shows good crystallinity of all materials, even
after they were soaked in dye solution at pH of 11 for 24 hours. Subsequently, their application can be assured over a wide range of pH and
also facilitate an ease of process operation, as there is no necessity for adjusting wastewater pH prior to the treatment. Lastly, it is found that
IC uptake by all four MOFs follows the order of UiO-66-0.75 > UiO-66-0.5ATA ≈  UiO-66> UiO-66-ATA at all the tested pH. Although the order is
not completely aligned with the amount of ATA ligands in the MOFs, it clearly suggests that the mixed component MOF offer an alternative
method for enhancing dye adsorption capacity.

To investigate the effect of adsorbent dosage on IC removal, the adsorption capacity of IC by four MOFs covering an initial dosage of 10 to
100 mg was determined using an initial IC concentration of 100 mg/L. As shown in Fig. 2 (c), for all four MOFs, it can be seen that the IC
removal percentage becomes enhanced with increasing adsorbent dosage until certain value of dosage, beyond which its further addition
begins to have no enhancing effect on the removal. The certain value is called the “threshold dosage” and was found to be 30 mg for the two
ML-UiO-66 and UiO-66, while that of UiO-66-ATA was determined to be 50 mg. In addition, it is apparent that the greatest degree of
enhancement in IC removal by all adsorbents was obtained when their dosage was increased from 10 to 20 mg. After that, a gentle
enhancement in removal was observed, as its percentage was slightly increased. This could be due to the effect of solid adsorbent
agglomeration, which then diminishes the adsorbed surface sites.35 In case of UiO-66-ATA, agglomeration may have less effect, as the
materials’ frameworks contain amino groups on surface that may create repulsion forces between particles and hence result in more disperse
character.

In this study, the effect of IC initial concentration of 50–300 mg/L on MOFs adsorption capacity was also determined and its result is
presented in Fig. 2 (d). From the �gure, it can be seen that IC adsorption performance by all MOFs generally increases with increased dye
concentration. UiO-66-0.75ATA is the most e�cient IC absorbent among the four MOFs, covering a whole range of IC concentration.
Meanwhile, UiO-66-ATA is the least e�cient IC adsorbent. It is worthnoting that the IC removal percentage of all four adsorbent decreases with
increasing IC concentration due to the limitation of the adsorption sites on the adsorbent surface.

3.3 Adsorption kinetics
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The effect of contact time on IC removal by the four MOFs for initial IC concentration of 100 mg/L was investigated by varying the contact
time from 0 to 1,440 minutes and its result is displayed in Fig. 3 (a). From the �gure, it is clear that adsorption capacity of all MOFs can be
enhanced by increasing contact time. Sharp rises in Qe during �rst contact time of 100 minutes were usually expected, as during the initial
stage, absorbents still have plentiful number of free and vacant adsorption sites and thus can rapidly bind with dye molecules present in the
solution. As the contact time proceeds, most of the sites become occupied and then rate of adsorption come to be slower and �nally reach a
certain value under the equilibrium. For a given IC concentration, a contact time of 480 minutes appears to be an appropriate duration for all
MOFs, beyond which there is a marginal enhancement in Qe with time. Nevertheless, a complete equilibrium, where Qe becomes virtually
constant, is most likely to be attained at the contact time of c.a. 920 minutes.

Adsorption kinetics are of great signi�cance to evaluate the performance of a given absorbent and to gain an understanding of the underlying
mechanisms, both of which control the overall process e�ciency and thus are important for design of adsorption process facilities.
Fundamentally, the adsorption of liquid dyes using solid absorbent is composed of two sequential steps: (1) the migration of solutes from the
bulk solution to the liquid layer adjacent to the adsorbent particle and (2) the diffusion of solutes through the layer until they reach the
adsorption surface (�lm diffusion). Usually, the �rst step occurs very fast and thus the second step is the rate limiting step. However, in a
porous adsorbent, an intraparticle diffusion, which particularly refers to the diffusion of solutes into the interior surface of the adsorbent, can
also play a role as a rate controlling step.

The obtained data from IC adsorption kinetics by all four MOFs under different temperature i.e. 303, 313 and 323 K and at initial IC
concentration of 100 ppm were used for the detailed studies of adsorption kinetics using 5 models i.e. the pseudo-�rst order, pseudo-second
order, Elovich, intraparticle diffusion model (IPD) and Boyd kinetic models. The former three were employed to examine the rate of adsorption
of IC from the solution, while the rest of two models were selected to investigate intraparticle diffusion. The results from �tting our obtained
data with models are summarized in Figure S2-5 and Table S1-3 in the Supporting Information.

It has been found that both pseudo-�rst-order and Elovich models are not suitable in describing IC adsorption kinetics, as poor linear
correlation e�ciency (R2 < 0.99) was observed for all of investigated cases, as shown in Table S1, 2, 3. On the other hand, pseudo-second-order
model produced �ttings with good quality (R2 > 0.99) as well as a very small difference between the experimental and theoretical adsorbed
masses at equilibrium (less than 1%), suggesting its effective simulation capacity and subsequent reliability. As a result, only parameters
obtained from the latter model were used for further analysis and discussion. Figure 3 (b) illustrates the effect of temperature and IC
concentration on pseudo-second order rate constant (k2) of each MOF. From the �gure, it is clear that adsorption kinetics of all materials
follow an increasing trend with the rise in temperature, suggesting dye adsorption process as an endothermic process. Since UiO-66-ATA was
also found to have the highest rate constant at all three temperatures, this implies that a potential role of amino group in enhancing the rate of
adsorption.

Another analysis made of obtained rate constant was to determine activation energy (Ea) by employing the linear form of Arrhenius equation,
which is a plot of ln k2 against 1/T, Fig. 3 (c). The slope of the plot was then computed to give Ea for each MOF under IC concentration of 100

ppm. From the �gure, it has been found that IC adsorption by UiO-66 has the highest value of Ea, c.a. 33 kJ mol− 1, while the rest of three

materials have similar Ea values in a range of c.a. 17–22 kJ mol− 1. Since any reaction with Ea value above 120 kJ mol− 1 generally occurs

rather slowly,36 it thus implies that IC adsorption by all studied MOFs can be classi�ed as a relatively quick reaction. As an apparent reduction
in Ea values can be observed when ATA ligands were introduced into UiO-66 framework, it then suggests that amino groups play a vital role in
lowering the activation energy of the adsorption process and subsequently enhancing the rate of reaction. Reasonably, amino groups may
participate in the attachment of IC molecules during the transition state of adsorption, due to their ability to create hydrogen bonding.

Adsorption is a relatively complex process, which usually consists of several consecutive steps. To understand the mechanistic pathway of
the IC adsorption in all four MOFs, it becomes necessary to �rstly observe involved steps of the adsorption and eventually identify the rate
limiting step. Figure 3 (d) shows the �tting of obtained data with the IPD model at 303 K. From this model, if the plot of dye uptake, Qt, versus

the square root of time, t 1/2, shows linearity, it means that intraparticle diffusion is involved in the adsorption system. Providing the linear plot
passes through the origin; it also implies intraparticle diffusion as the rate-controlling step. From the �gure, it has been found that the
adsorption of all four adsorbents exhibit a linear correlation in 3 distinct regions. The �rst region corresponds to the �lm diffusion over the �rst
240 mins of adsorption. After this point, the adsorption process is governed by intraparticle diffusion, which consists of surface and pore
diffusions, corresponding to region 2 and 3 in the plot respectively. Since the rate constants of �rst stage (k1d) are higher than those of the
second (k2d) and the third stages (k3d) in all four materials, as shown in Table S2, 3 and 4 in the Supporting Information, this �nding suggests

the potential of intraparticle diffusion being the rate-determining step. However, R2 values of the �ttings show a certain degree of deviation
from linearity and the straight lines of each region do not pass through the origin. As a result, these indicate that intraparticle diffusion is not
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the only rate-limiting step, but there are also other steps that may play a role in controlling the rate of adsorption, all of which may be occurring
simultaneously.37

As the conclusion cannot be made using solely IPD model, further analysis of the data using Boyd model was carried out. The plots of
calculated Bt versus time of IC adsorption by all four materials at each temperature are provided in Fig. S5 in the Supporting Information. The
linearity of this plot can be used to distinguish between �lm diffusion and intraparticle-transport-controlled rate of adsorption. From Fig. S5, it
can be observed that, under all of the studied conditions, the plots deviate from linearity and do not pass through the origin, thereby
suggesting that �lm diffusion or external mass transport mainly governs the adsorption process and can be considered as rate-limiting step.
Using the slope of the Boyd plot, values of two model parameters i.e. B and effective diffusion coe�cient, Di (cm2/s) were obtained and listed

in Table S1, 2 and 3. Generally, if Di lies in the range 10− 11 to 10− 13 cm2/s, intraparticle diffusion is then suggested as the rate determining

step. Since Di values of all four materials are in a range of 1.33–6.09 x 10− 18 (cm2/s), which is around 6 order of magnitude lower, this implies
that the intraparticle diffusion was not the only rate-controlling step, but there was also an involvement of �lm diffusion in controlling
adsorption process of IC by synthesized MOFs. In comparison with literature, the Di values found in this study are in the same order of

magnitude observed from the diffusion rate of organic molecules within other MOFs.38,39

3.4 Adsorption isotherm
To gain insights on distribution of dye molecules between solid and liquid phases at equilibrium state, the studies of adsorption isotherm were
investigated by �tting our experimental data with four widely employed isotherm models, i.e. Langmuir, Freundlich, Dubunin-Radhsbkevish (D-
R) and Temkin isotherm models under a given range of temperature. The results of �ttings obtained from each model can be seen in Table 3.
In comparison between four models, Langmuir model is the simplest one, which can only describe the monolayer adsorption in a �nite number
of homogenous surface, while Freundlich model is more applicable to a multilayer adsorption on heterogeneous surface that have unequal
active sites with different binding energy. For D-R and Temkin models, they are usually employed to differentiate the type of adsorption
mechanism whether the process is physisorption or chemisorption. By obtaining the isotherm knowledge, the prediction of adsorption
capacity and behavior becomes possible and can be used further to elucidate the mechanism of dye adsorption process.
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Table 3
Adsorption isotherms parameters of IC adsorption on to UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA for Langmuir, Freundlich,

Dubunin-Radhsbkevish and Temkin models at different temperatures.
Langmuir
isotherm

UiO-66 UiO-66-0.5ATA UiO-66-0.75ATA UiO-66-ATA

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

Q0 (mg/g) 135.14 303.03 454.55 60.24 175.44 192.31 227.27 192.31 175.44 60.61 196.08 208.33

b (L/g) 0.029 0.032 0.024 0.032 0.059 0.079 0.075 0.077 0.100 0.026 0.040 0.056

RL 0.26 0.24 0.30 0.24 0.14 0.11 0.12 0.11 0.09 0.28 0.20 0.15

R2 0.9930 0.9724 0.9975 0.9930 0.9910 0.9907 0.9966 0.9987 0.9969 0.9993 0.9994 0.9992

Freundlich
isotherm

UiO-66 UiO-66-0.5ATA UiO-66-0.75ATA UiO-66-ATA

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

KF (mg/g) 20.82 12.33 12.11 10.83 16.04 20.17 25.78 17.68 22.46 11.73 12.65 23.34

n 2.99 1.36 1.20 3.32 1.80 1.79 2.10 1.65 1.93 3.49 1.63 2.02

R2 0.9927 0.9941 0.9956 0.9867 0.9736 0.9721 0.965 0.9631 0.9372 0.9819 0.9818 0.9891

Dubunin-
Radushkevich
isotherm

UiO-66 UiO-66-0.5ATA UiO-66-0.75ATA UiO-66-ATA

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

Qm (mg/g) 101.49 157.43 175.56 51.99 131.76 141.32 176.09 143.31 134.83 44.08 133.49 143.02

E (kJ/mol) 0.10 0.18 0.21 0.06 0.17 0.24 0.16 0.25 0.30 0.46 0.49 0.21

R2 0.9000 0.9394 0.9525 0.9059 0.9159 0.8887 0.8852 0.9159 0.8688 0.9160 0.9380 0.9255

Temkin
isotherm

UiO-66 UiO-66-0.5ATA UiO-66-0.75ATA UiO-66-ATA

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

B 28.01 66.22 79.54 11.77 34.60 37.43 46.69 34.48 34.87 13.56 46.61 48.08

b (J/mol) 89.93 39.30 33.76 213.96 75.20 71.75 53.96 67.63 77.01 185.72 55.83 55.86

A (L/mg) 0.33 0.3 0.32 0.45 0.79 1.06 0.68 0.97 1.27 0.24 0.33 0.49

R2 0.9964 0.9767 0.9897 0.9804 0.9756 0.9743 0.9974 0.9791 0.9961 0.9997 0.9990 0.9988

From Table 3, it has been found that Langmuir model can effectively describe the process of IC adsorption by three out of four MOFs i.e. UiO-
66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA for a whole range of studied temperature with linear correlation coe�cient (R2) values of at least
0.99. As a result, these observations suggest the monolayer-typed adsorption for these three materials. In case of UiO-66, although the model
can �t well with data obtained at both 303 and 323 K, there was slightly poorer quality of �tting at 313 K with R2 of 0.9724. The maximum
values of dye adsorption capacity at equilibrium, Q0, for UiO-66, UiO-66-0.5ATA and UiO-66-ATA, were all observed at 323 K and found to be
454.55, 192.31, and 208.33 mg/g respectively. In addition, as their values of Q0 follow an increasing trend with rising temperature, it implies
their adsorption processes as endothermic ones. In contrast, for UiO-66-0.75ATA, the maximum Q0 value of 227.27 mg/g was obtained at 303
K and its value was found to decrease with increasing temperature, thereby suggesting an exothermic reaction occurred during the IC
adsorption process of the material. The “b” parameter in the Langmuir model provides information of binding strength and the degree of
interaction between the dye and the adsorbent surface. The table shows the common trends of the greater b value with increasing temperature
in all MOFs, except UiO-66, at which the reverse trend can be seen. In comparison among three MOFs, the order of their b values follows: UiO-
66-0.75 > UiO-66-0.5-ATA > UiO-66-ATA for all of investigated temperatures. In other words, the model suggests that the IC adsorption is more
favourable on the surface of UiO-66-0.75ATA than other two adsorbents. Separation factor, RL, is another essential of Langmuir isotherm and
can be used for predicting the a�nity between adsorbate and adsorbent. As all of RL values determined from all four materials were found to
lie between 0 and 1 (ranging from 0.09 to 0.30), the results then suggest favourable nature of IC adsorption process by all MOFs under given
temperature range is favorable. Herein, a decreasing trend of RL with rising temperature was mutually observed in ML-UiO-66 and UiO-66-ATA,
indicating the IC adsorption process to become more favourable at higher temperature. Again, the uncommon �nding in UiO-66 could be
rationalized as above mentioned.
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As the second choice of isotherm, Freundlich model was found to �t well with experiment data obtained from UiO-66 with all R2 values of
above 0.99, but give poorer �tting result for the rest of three materials, as evidenced from lower R2 values of below 0.99, as shown in Table 3.
Therefore, this suggests Freundlich model as a more suitable one over the Langmuir for describing the IC adsorbing behavior of UiO-66 as well
as implies the heterogeneity of material surface with different binding energies on its surface. Besides, as the model cannot be used to
effectively simulate the adsorption process of ML-UiO-66 and UiO-66-ATA, our discussion will be made related to solely UiO-66. With regard to
the Freundlich model, there are two constants i.e. n and KF, which can provide an indication of adsorption intensity and capacity, respectively.
Speci�cally, the value of n determines the degree of nonlinearity between concentration of dye solution and its adsorption quantity in the 2
different ways: 1) if n < 1, the adsorption process is chemisorption and 2) if n > 1, the adsorption process is physisorption.32 As shown in the
table, since n values obtained from all studied conditions are all greater than 1, thereby implying the IC adsorption process by UiO-66 as
physisorption rather than chemisorption process. In addition, the value of 1/n can be used to infer a favourable adsorption under all of the
experimental conditions, as its value is in between 0 and 1. As both KF and 1/n display an increasing pro�le with increasing temperature, it
then indicates a more favourable adsorption process at higher temperature. These �ndings in UiO-66 are essentially similar to ones previously
observed in ML-UiO-66 and UiO-66-ATA using the Langmuir model.

Among four models, the worst �tting was clearly observed in D-R model, with none of R2 values reaching 0.99, thereby implying the model as
invalid option for further investigation and discussion. For Temkin model, by considering all of R2 determined, it can provide relatively good
�tting with a comparable degree with that obtained from Freundlich model. Nevertheless, the results show UiO-66-ATA as the most suitable
material, whose IC adsorption process can be described by the model, as, for this MOF, R2 of the �ttings are greater than 0.99 for all of studied
temperatures. Since Temkin isotherm takes into account the effect of heat of adsorption through its constant “b”, its good �ttings in all four
MOFs suggest IC adsorption process by materials to be highly dependent on this type of heat. Under our experimental speci�cation, as all of b
values determined are less than 1 kcal/mol (4,184 J/mol), it then con�rms the physisorption nature in UiO-66 adsorption, as previously
revealed by Freundlich model, as well as suggests the same reaction nature for the process carried out by the rest of three materials. Lastly,
the model also infers all of adsorption processes to be exothermic reactions, as all of A values are positive.

3.5 Adsorption thermodynamics
To determine the spontaneity of adsorption processes from the view of energetic driving force, the study of IC adsorption thermodynamics
was performed by calculation of enthalpy (ΔH), entropy (ΔS), and Gibbs free energy (ΔG) for all four MOFs under 303, 313, and 323 K, all of
which were listed on Table 4.

Table 4
Thermodynamics parameters for the adsorption of IC onto the UiO-66, UiO-66-0.5ATA, UiO-

66-0.75ATA and UiO-66-ATA
Adsorbent ΔHo (kJ/mol) ΔSo (J/mol K) ΔGo (kJ/mol) R2

303 K 313 K 323 K

UiO-66 36.38 132.72 -3.73 -5.40 -6.37 0.9708

UiO-66-0.5ATA 79.39 270.65 -2.17 -6.30 -7.52 0.9009

UiO-66-0.75ATA 9.20 52.40 -6.74 -7.06 -7.79 0.8646

UiO-66-ATA 81.16 273.67 -1.25 -5.61 -6.65 0.8802

It has been revealed from the table that all of IC adsorption processes by synthesized materials are endothermically driven (ΔH > 0), the
�nding at which is in line with the above mentioned in studies of adsorption kinetics and isotherm. This means that the IC adsorption process
favors higher temperature, similar to what have been reported in other types of dyes adsorption by UiO-66 analogues.9 Reasonably, the
increase in temperature not only enhances rate of adsorption reaction, but also provides more energy to dye molecules, making them become
more energetic and can easily pass through the micropore of the adsorbent.40 Based on the value of ΔH, the mechanism of adsorption
process can also be inferred: 1) when ΔH is in the range of 8–65 kJ/mol, the adsorption process is physisorption and 2) when ΔH is in the
range of 84–420 kJ/mol, the adsorption process is chemisorption.41 As a result, by following this criteria, the adsorption process in UiO-66
and UiO-66-0.75ATA is classi�ed as physisorption. In case of both UiO-66-0.5ATA and UiO-66-ATA, as their values of ΔH do not fall into given
criteria, but are greater than upper range of the physisorption, it then suggests their processes to be physicochemical reaction, potentially
having chemisorption as a dominant mechanism.42 Having considered ΔS, their positive values, which could be resulted from an increase of
randomness at the solid/liquid interface accompanied with some structural changes in the dye molecules and the adsorbent surface, imply
spontaneous adsorption processes in all adsorbents. The positivity of both ΔS and ΔH also suggests an entropic-driven adsorption process.
The spontaneity of all studied processes was additionally con�rmed by negative values of determined Gibbs free energy. In addition, as ΔG
was found to become more negative with increasing temperature, this suggests that the degree of spontaneity in all reactions is dependent on



Page 11/18

temperature and can be enhanced at higher temperature. The value of ΔGO can also be used as an indicator to differentiate between
physisorption (-20–0 kJ mol− 1) and chemisorption process (-400 – -80 kJ mol− 1). From Table 4, all of determined ΔGO values suggest that
adsorptions of IC on all candidate materials are physisorption.

3.6 Adsorption mechanism
Having considered results obtained from all of above-mentioned studies, it gives us the possible mechanism that dictates the adsorption
behaviour of IC onto synthesized adsorbents. The core factor that regulates the adsorption process is the surface interaction between
adsorbent and adsorbate, which can be either physical or chemical force. In this study, the adsorption processes of IC by all four materials
were found to be physisorption. In addition, IR spectra show no shift/extra in characteristic vibrational peaks, but rather the characteristic
peaks of both adsorbents and IC dye together (Fig. 1 (b)). This means that IC dye molecules were adsorbed onto the adsorbent surface
without forming chemical bonding. Since the attachment of IC molecules on UiO-66 surface has been discovered to be in a multilayer fashion,
it suggests as uneven energy of the adsorption sites, which could be caused by partial ligand missing as observed in UiO-66. For ML-UiO-66
and UiO-66-ATA, adsorption of dye molecules occurred in a monolayer pattern, implying homogeneity of their surfaces. The �nding of latter
three opposes that of UiO-66, despite the fact that all of materials contain certain degrees of missing ligand. As such, it may be possible that
the presence of amino groups in these three MOFs makes their surfaces with defect sites become more steric and then unreachable from
approaching dye molecules. Once attached to the surface, it can be inferred that attached IC molecules remain on the surface, as dye
molecular size is larger than an aperture of all adsorbents, resulting in disregard of pore/size selective adsorption.43

As there are several underlying forces e.g. electrostatic force, van der Waal interaction and π-π stacking and hydrogen bonding in
physisorption, it is crucial to identify the one that in fact dominates the process. Since adsorption of all four materials has been found to be
pH dependent, this suggests electrostatic or acid-base interaction as potentially governing force. Due to anionic nature of IC dye, adsorbent
surface with less negative nature can effectively facilitate electrostatic interaction and the subsequent adsorption. As evidenced in Fig. 2 (b),
the zeta potential of ML-UiO-66 and UiO-66-ATA are close in magnitude and more negative than that of UiO-66, thereby suggesting the
potential effect of amino groups in an induction of more negatively charged surface and subsequently greater repulsion force.

Acid-base interaction can occur in the adsorption process by MOFs, as the missing ligand defects of the materials leads to the generation of
Lewis acid sites, which are later induced by water in dye solution to become both Bronsted acid/base sites, IC dye, which is a Bronsted base,
then interact with these sites.44 The presence of amino groups was also reported to strengthen the bonding of water at the Bronsted acid sites,
which could weaken acid-base interaction in ML-UiO-66 and UiO-66-ATA and give rise to their lower adsorption capacity, in comparison with
UiO-66. As shown in Fig. 2 (a), the highest adsorption capacities of all four materials were obtained under the most acidic condition. In
principle, this would have not been observed, if acid-base interaction was the dominant force. Reasonably, under highly acidic condition, IC
molecules becomes completely protonated and thus can no longer have such interaction with absorbents. As a result, this indicates a small
in�uence of acid-base interactions in respective adsorption performance.

The other possible interactions, including π-π stacking and hydrogen bonding may also take part during the adsorption process. For π-π
stacking, the interaction can be formed in all four MOFs, since all materials have benzene rings, which can interact with quasiplanar IC
molecules. In contrast, hydrogen bonding can only exist in the adsorption of MOFs containing amino groups i.e. ML-UiO-66 and UiO-66-ATA.
Nevertheless, hydrogen bonding cannot be regarded as a main force, since the highest IC removal capacity was observed from UiO-66-
0.75ATA, the MOFs bearing some amino groups, as evidenced in Fig. 2 (a). Although, the presence of amino group does not give much
bene�ts to adsorption capacity, it possibly assists the attachment of dye molecules on the surface of ML-UiO-66 and UiO-66-ATA, then
resulting in their lower activation energy and faster adsorption rate, as shown in Fig. 3 (b) and (c).

To further investigate the effect of introduced ATA ligand upon the adsorption behavior, the study of orbital contributions in the adsorbents
before and after adsorption (ground state and excited state) was carried out obtained using TD-DFT. In addition, HOMO and LUMO of one
SBU-ligands cluster of all four materials were also investigated. Previously, the method was employed with successful investigation of UiO-66
and its analogue under light absorption.45

From Fig. 4 (a) as well as supplementary info, it can be seen that HOMO in all four adsorbents wee localized on the organic linker. Upon
excitation, there was a shift of the orbital contribution from its initial position to the inorganic cluster, speci�cally at Zr atoms. This suggests
the role of organic linker and inorganic cluster as electron donating and accepting units, respectively. However, the pattern of LUMO
localization on the inorganic cluster was observed to be different from one adsorbent to another. In UiO-66, LUMO localized almost evenly on
all six Zr atoms, while in the case of UiO-66-ATA, the LUMO distribution per Zr atom was unequal. For ML-UiO-66, as the substitution of ATA
ligand into the framework was random, there were various patterns being observed. Speci�cally, in UiO-66-0.5ATA, the observation of two
patterns was made; (1) evenly localized LUMO on all six Zr atoms similar to UiO-66 and (2) evenly localized LUMO on only four Zr atoms.
Interestingly, in case of UiO-66-0.75ATA, only one pattern of orbital contribution existed where LUMO localized heavily on only four Zr atoms.
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This means the substitution of the functionalized ligand into the framework has an effect on the distribution of electron densities in the
framework.

The results obtained from theoretical calculation suggests the charge transfer from organic ligand to inorganic cluster. This indicates a vital
role of organic ligand in the determination of the charge character of the cluster. Hypotically, without an amino group, the electron density at
inorganic clusters of UiO-66 possibly be lesser than those of the other three, which in turn generating lower degree of electrostatic repulsion
between absorbent surface and anionic dyes and eventually higher capacity of removal. Meanwhile, in UiO-66-ATA, the opposite phenomenon
occurred and thus resulted in its lower adsorbing capacity.

To support the proposed mechanism, adsorption of all four adsorbents toward different character of charged dyes were studied and the
results are shown in Fig. 4 (b). It is evident that UiO-66 shows higher adsorption capacity compared to UiO-66-ATA when tested with anionic
dyes such as IC and methyl orange (MO). On contrary, a higher adsorption capacity is achieved by UiO-66-ATA in case of cationic dye such as
methylene blue (MB). Interestingly, ML-UiO-66 shows higher adsorption capacity when compared to their parent MOFs in every dye system.
This suggests that adsorption mechanism governs by several types of interactions which have to be in synergy. A mixed ligand approach can
be one of the alternatives to engineer this interaction harmony. Noticeably, by employing mixed ligand approach, the adsorption capacity can
be enhanced albeit with less impact than mixed metal approach.10 This could be hypothesized that the former approach only indirectly
manipulates the cluster charge density, whereas the direct in�uence can be caused by the latter.

4. Conclusion
UiO-66 is an excellent choice of compound for dye adsorption, because of its unique properties. This study proves an introduction of ATA
ligands into the material framework as a promising way to enhance and regulate its adsorption process. The introduced ATA ligands shows to
have direct and simultaneous in�uences on several intrinsic parameters of the material at molecular level, which lead to changes in its
macromolecular characters. In spite of intersting and potential of the mixed ligand approach, a common trend in its effect does not exist,
making the mean still uncontrollable. As a result, it indicates a crucial neccessity of future works to be carried out in order to optimize the
system
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Figure 1

Characterization of all adsorbents (a) powder X-ray diffraction patterns (PXRD) of as-made UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-
ATA where the inset shows PXRD patterns of all materials after adsorption at pH=11 for 24 hr. (b) IR spectra of the emptied adsorbents, IC
loaded adsorbents and IC dye (c) TGA plots of the calcined UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA (d) BET surface area of
UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA before and after IC adsorption.
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Figure 2

(a) Effect of pH on the adsorption of IC by UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA (b) Zeta potential measurement for UiO-66,
UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA as a function of pH (c) Effect of adsorption dosage on the removal percentage of IC by UiO-66,
UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA (d) effect of IC initial concentration on the adsorption of IC by UiO-66, UiO-66-0.5ATA, UiO-66-
0.75ATA and UiO-66-ATA
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Figure 3

(a) Effect of contact time on adsorption of IC by UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA at 303 K. (b) Variation of rate
constant (k2) with temperature obtained from pseudo-second order model (c) Apparent activation energy (Ea) of the IC adsorption. (d) The
plot of intraparticle diffusion model for IC adsorption by UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA at 303 K.
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Figure 4

(a) The selected excited state molecular orbitals (LUMO) of [Zr6O4(OH)4(OOC-C6H4-COO)12]12–, [Zr6O4(OH)4(OOC-C6H4-COO)6(OOC-
C6H6N-COO)6]12–, [Zr6O4(OH)4(OOC-C6H4-COO)3(OOC-C6H6N-COO)9]12– and [Zr6O4(OH)4(OOC-C6H6N-COO)12]12– calculating at
PBE1PBE/LanL2DZ level of accuracy (b) Adsorption capacity of UiO-66, UiO-66-0.5ATA, UiO-66-0.75ATA and UiO-66-ATA at different types of
dyes solution (dye concentration = 100 ppm, pH = 6.5, contact time = 24 hours, adsorbent dosage = 10.0000 mg in 10.00 mL dye solution)
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