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INTRODUCTION
One of the biggest issues facing human society today is 
the scarcity of clean water; therefore, removing harmful 
and harmless contaminants from water resources has 
become crucial (Selvam et al., 2008; Olaseni et al., 2019).  
Artificial dyes and colourants are major sources of water 
pollution; they don’t just alter the transparency of water 
systems but also introduce health hazards to humans, 
either directly or indirectly (Yu et al., 2019; Akeremale and 
Olaseni, 2019).  It is known that more than 100,000 
commercial dyes are produced and discharged into our 
water bodies each year without any purification (Tkaczyk 
et al., 2020).  These highly water-soluble effluents are 
unwanted in our environment, as they are carcinogenic to 
both humans and animals and toxic to aquatic life (Imran 
et al., 2021).  

Brilliant Blue dye (BBD) is an aqueous triphenylmethane 
synthetic dye that is widely used as an anionic blue dye in 

textile, food, pharmaceutical, and analytical industries, 

with a molecular formula of C₃₇H₃₄N₂Na₂O₉S₃, a molar 
mass of approximately 792.8 g/mol, and usually has a 

maximum absorption wavelength (λₘₐₓ) between 620–640 
nm in aqueous solutions. (Alam et al., 2024). BBD are 
known to be highly chemically stable and resists 
biodegradation, leading to their persistence in aquatic 
systems (Katheresan et al., 2023).  Numerous studies also 
report that prolonged exposure to BBD may result in 
cytotoxic and genotoxic effects, and that its presence in 
water systems reduces light penetration and disrupts 
aquatic ecosystems (Khan et al., 2024; Mahmood et al., 
2024).  

A wide range of physical and chemical techniques have 
been utilized and studied for the removal of dyes from 
aqueous solutions in wastewater before discharge into 
water bodies (Adamu & Salisu, 2024; Adeleke et al., 2025; 
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ABSTRACT 
In this research, the optimization of Brilliant Blue dye (BBD) removal from aqueous solution was 
investigated using a zinc-based metal-organic framework (Zn-MOF) synthesized from 4,4-
biphenyl dicarboxylic acid (BPDC) via a solvent-free mechanochemical approach using a mortar 
and pestle.  The prepared adsorbent was characterized using Fourier Transform Infrared 
Spectroscopy (FTIR), Energy Dispersive X-ray Fluorescence (EDXRF), Brunauer–Emmett–
Teller (BET) analysis, X-ray Diffraction analysis (XRD), Thermogravimetric Analysis (TGA) and 
pH point of zero charge (pHPZC) measurements to evaluate its structural features, elemental 
composition, surface properties, thermal stability and surface charge behavior.  The BET surface 
area was 221.022 m²/g, the pHPZC was 6, and the material was stable up to 310 °C.  Statistical 
optimization of the adsorption process was carried out using Response Surface Methodology 
based on the Box–Behnken design.  The effects of pH, ionic strength, contact time, and 
adsorbent dosage were examined as independent process variables, while percentage dye removal 
served as the response.  In this study, the initial dye concentration was set at 30 Mg/L, the Sorbate 
volume was 100 mL, and dye concentrations were determined using a Jenway 7315 
spectrophotometer at 640 nm, as obtained from the spectra scan of the dye.  The optimized 
conditions obtained were an adsorbent dosage of 0.473 g, an ionic strength of 0.0017 mol/L, a 
contact time of 34.66 min, and a pH of 2.12.  Under these conditions, an experimental dye 
removal efficiency of 98.33% was achieved, which was in close agreement with the model-
predicted value of 99.16%, indicating the suitability of the model for the optimization of Brilliant 
Blue dye adsorption in a synthetic wastewater system. 
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Habibu et al., 2023; Ibrahim et al., 2023).  These include 
but not limited to electrolysis, flocculation, chemical 
oxidation, catalysis, biological degradation, and adsorption 
(Nidheesh et al., 2023).  Because of its ease of application, 
cost efficiency, safety, and non-generation of toxic 
products or sludge, adsorption has been the most widely 
used method for the removal of colourants from 
wastewater (Jawad et al., 2023).  

Several adsorbent materials have been investigated for the 
treatment of dye-contaminated wastewater, including 
bioadsorbents, metal oxides, polymers, and activated 
carbon (Ali et al., 2022).  Bioadsorbents such as algae, 
fungi, rice husks, and wheat straw are attractive due to 
their low cost and natural abundance availability, however, 
they often exhibit lower adsorption capacities and may 
require modification or pre-treatment to enhance their 
performance, thereby increasing overall treatment costs 
(Sari and Tuzen, 2008).  Metal oxide nanoparticles, 
including iron oxide, titanium oxide, and zinc oxide, have 
also been explored because of their high surface area and 
abundance of active sites.  Nevertheless, their tendency to 
aggregate, high production costs, and potential toxicity 
arising from metal ion release remain significant 
limitations (Liao et al., 2017; Ghosh and Gupta, 2013).  
Synthetic polymers such as polyacrylamide and 
polystyrene have demonstrated good adsorption 
performance and ease of functionalization, but concerns 
regarding their non-biodegradability, cost, and dye-
dependent adsorption behaviour restrict their wider 
application (Pavan et al., 2014).  The U.S. Environmental 
Protection Agency recognizes activated carbon as one of 
the most effective technologies for coloured wastewater 
treatment; however, its large-scale application is often 
constrained by high production and regeneration costs as 
well as rapid exhaustion of adsorption sites during 
continuous use (Xing et al., 2010).  Consequently, 
increasing attention has been directed towards the 
development of alternative functional materials, including 
nanomaterials, porous materials, polymeric materials, and 
biomaterials, that combine high adsorption efficiency with 
economic and environmental sustainability for dye 
removal applications (Khan et al., 2020; Kalia et al., 2023). 

Metal-Organic Frameworks (MOFs) are highly porous 
crystalline materials prepared by combining organic 
molecules with metal ions and carbon atoms.  MOFs have 
received intense attention in recent years for applications 
across many scientific and technological fields (Duan et al., 
2023).  Due to their relatively large surface areas, tunable 
pore sizes, and multiple functionalities, which are 
significant parameters in adsorption studies, MOF 
materials are of interest as adsorbents for the removal of 
dyes from aqueous media (Qiu et al., 2022).  Using the 
conventional route for the synthesis of these MOFS 
usually involves the use of large amounts of organic 
solvents, extreme temperatures, high energy consumption, 
and lengthy reaction periods.  These conditions often raise 
production costs and have a negative effect on the 
environment (Akeremale, 2022; Akeremale et al., 2025).  
Mechanochemical synthesis, on the other hand, offers 
greater environmental safety than the conventional 

method while still producing highly crystalline materials.  
This technique involves solvent-free grinding of the 
Ligand and metal ions with a grinding material, such as a 
mortar and pestle, to create MOFs in a limited time, with 
reduced power consumption (Akeremale et al., 2023).   

There are different techniques for optimizing processes, 
and Response surface methodology (RSM) is one that has 
prospered over time.  This method enhances the overall 
efficiency of the process, leading to lower operational cost 
and faster experiments (Montgomery, 2020).  RSM is an 
experimental design methodology that uses statistical and 
mathematical methods to model the experiment, assess 
the impact of specific parameters, and determine the 
optimal conditions for an optimal response with the 
fewest experimental runs.  It uses one or more response 
to show the significance of different independent factors.  
By adjusting the design elements, the RSM approach seeks 
to obtain a favorable response and identify response 
variation in a specific direction (Lamidi et al., 2022; Zaid et 
al., 2022) 

The novelty of this work lies in the mechanochemical 
synthesis of a Zn–BPDC MOF using a simple, sustainable 
mortar-and-pestle approach and its application for 
Brilliant Blue dye removal.  The adsorption process was 
also optimized using the Box–Behnken response surface 
methodology to determine the optimal operating 
conditions.  To the best of our knowledge, no previous 
study has reported this combination of mechanochemical 
Zn–BPDC MOF synthesis and RSM-based optimization 
for Brilliant Blue dye removal.  The effect of process 
variables such as adsorbent dosage, contact time, ionic 
strength and pH of the solution was examined by response 
surface methodology (Box-Behnken design) (RSM-BBD; 
3 levels and 4 factors).  It was hypothesized that the 
mechanochemically synthesized Zn–BPDC MOF would 
effectively remove Brilliant Blue dye from aqueous 
solution, and that response surface methodology would 
provide a reliable means of identifying the individual and 
interactive effects of the operating variables and 
determining the optimum removal conditions.  The 
objectives of this study are to synthesize a Zn–BPDC 
MOF via a mechanochemical route, evaluate its efficiency 
for the removal of Brilliant Blue from aqueous solution, 
and optimize the adsorption process using Box–Behnken 
response surface methodology.  The effects of pH, 
adsorbent dosage, ionic strength, and contact time on dye 
removal efficiency were investigated, and optimum 
operating conditions were determined using the 
developed statistical model.  

MATERIALS AND METHODS  

Materials  

All of the reactions were ground using an agate mortar and 
pestle.  Sigma-Aldrich in the UK and Nanjing Forever 
Pharmacy Co., Ltd. in China provided the chemicals used 
in this experiment (HCl, NaOH, NaCl, Brilliant Blue dye 
(BBD), 4,4'-biphenyldicarboxylic acid (BPDC), ZnCl2, 
and KNO3) with purities greater than 99%.  Without any 
additional purification, the components were utilized 
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exactly as they were.  Each solvent was analytically pure 
and used precisely as specified.  The investigation's solvent 
was double-distilled water. 

Preparation of the BPDC-based Zn-MOF 

The Zn-BPDC MOF was synthesized through a solvent-
free mechanochemical method using a 2:1 molar ratio of 

ZnCl₂ to 4,4′-BPDC.  The use of excess zinc salt was 
intended to promote effective framework formation, 
minimize the presence of unreacted ligand molecules, and 
ensure complete coordination between the zinc ions and 
the carboxylate groups of the ligand.  Similar metal-rich 
ratios have previously been reported for 
mechanochemically synthesized zinc-based MOFs, such 
as MOF-74 and Zn-pyrazine systems, in which enhanced 
coordination and framework formation were observed 
(Julien et al., 2016).  For the synthesis, 25 mmol (6.06 g) of 
4,4′-BPDC and 50 mmol (6.815 g) of zinc chloride were 
ground manually in an agate mortar and pestle for 20 
minutes until a crystalline powder was obtained 
(Głowniak et al., 2024).  Following synthesis, the material 
was purified by stirring it in ethanol inside a 100 mL 
beaker for 2 hours.  The resulting mixture was then 
filtered, and the supernatant was discarded.  This washing 
step was performed to remove residual salts, unreacted 
precursors, and loosely bound ligand molecules, thereby 
improving the material's purity, crystallinity, and pore 
characteristics.  Finally, the synthesized MOF was 
activated by oven-drying at 50 °C for 24 hours before 
further use (Głowniak et al., 2024). 

Characterization of Adsorbent (Zn-BPDC MOF) 

The adsorption behaviour of the Zn-BPDC MOF 
adsorbent was investigated using a Jenway 7315 
spectrophotometer.  The infrared spectra of the adsorbent 
were recorded using an Agilent Technology Scientific 
FTIR spectrophotometer.  The synthesized Zn–MOF 
sample's specific surface area, pore volume, and pore-size 
distribution were measured using nitrogen adsorption–
desorption analysis.  A Xenemetrix Energy-Dispersive X-
ray Fluorescence (EDXRF) spectrometer with an X-ray 
tube operating at 40 kV and 6.6 mA (400 W) was used for 
elemental analysis.  The device uses a high-resolution 
silicon drift detector (SDD) to precisely detect 
characteristic X-ray lines, with a rhodium anode as the X-
ray source.  The analysis was conducted using the 
Quantachrome NOVA Station, a surface area and pore 
analyzer (Quantachrome Instruments, USA).  The 
adsorbent's point of zero charge (pHPZC) was also 
determined to better understand the adsorption 
mechanism.  The solid-addition method, as outlined by 
Balistrieri and Murray (1981), was used to assess this. 

Adsorption Experiments Optimization for BBD 
Removal by Response Surface Methodology (Box-
Behnken Design) (RSM-BBD) 

A statistical and mathematical method called the Response 
Surface Methodology (RSM) is used to develop, improve, 
and optimize various processes, including adsorption 
studies (Hasanzadeh et al., 2021).  Using the input 
parameters, ANOVA (Analysis of Variance) builds a 

regression model to estimate the output variables (Chen et 
al., 2022).  Using the Design-Expert program (Version 13), 
a total of 29 experimental runs were generated, using the 
method described by Jang et al. (2020) to set percentage 
removal (% removal) as the response variable (Y) for the 
various process parameters considered.  The studies were 
carried out in batches to examine the Zn-BPDC MOF's 
adsorption characteristics towards BBD.  RSM-BBD was 
used to estimate the optimal concentration for each 
variable to remove BBD from solution.  We also 
investigated the linear, quadratic, and interaction effects of 
the selected process variables on the removal of BBD.  
The independent parameters studied in this work include; 
adsorbent dosage (grams, X1 or A), ionic strength (Mol/L, 
X2 or B), contact time (minutes, X3 or C), and pH (X4 or 
D).  Three levels  (-1, 0, 1) was selected to be tested for 
each of the parameters, and their specific details include 
(Table 1): adsorbent dosage set at 0.1, 0.3, and 0.5 g; ionic 
strength at 0, 0.085, and 0.17 Mol/L; contact time at 30, 
75, and 120 minutes; and pH at 2, 7, and 12.  The quadratic 
equation below explained the System’s response: 

𝑌 = 𝛽0 +  𝛴𝛽𝑖𝑋𝑖 +  𝛴𝛽𝑖𝑖𝑋𝑖𝑖 +  𝛴𝛽𝑖𝑗𝑋𝑖𝑋𝑗 +  𝜀   

Y represents the response variable in this model, which 
corresponds to the percentage of dye removal.  The 
symbols i and j denote the index values used in the model.  

The term β₀ refers to the constant or intercept of the 

equation, while X₁, X₂, …, Xₖ represent the coded 

independent variables.  The coefficient βᵢ accounts for the 

linear effect of each factor, βᵢᵢ for the quadratic (squared) 

effect, and βᵢⱼ for the interaction between variables.  The 
error term ε reflects random variation in the system and 
accounts for the difference between the predicted and the 
experimental data (Hosseinpour et al., 2011).  Using 100 
mL Erlenmeyer flasks filled with the adsorbate solutions 
and a shaker set to 160 rpm for each designated period 
(min-1), each experimental run was conducted.  A pH 
meter and 0.5 M NaOH/HCl were used to adjust the 
mixture's pH.  The residual dye concentrations before and 
after treatment were determined by measuring the 
absorbance of the filtered solution at the maximum 
wavelength (λmax) of 640 nm using a Jenway 7315 
spectrophotometer.  The adsorption investigation was 
conducted under different conditions for each run, and 
levels of adsorption (qt) at time t (mg/g) were estimate 
using the formula;  

qt = (C0 − Ct) V/(W)                         (1) 

W stands for adsorbent mass (g), V for solution volume 

(L), Cₜ (mg/L) for dye concentration at any time t, and C₀ 
(mg/L) for initial dye concentration in this equation 
(Vinothkumar et al., 2025). 

The equilibrium adsorption capacity, qₑ (mg/g), was 
calculated using these parameters and the subsequent 
equation: 

qe = (C0 −Ce)V/(W)                                       (2) 

where C₀ (mg/L) represents the initial dye concentration 

and Cₑ (mg/L) represents the equilibrium dye 
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concentration.  The % reduction of BBD was then 
calculated using the following calculation (Akeremale et al., 
2019): 

Removal efficiency (%) = (C0 − Ce)/(C0) × 100 (3) 

Table 1.  Independent process variables and their corresponding levels used in the RSM-BBD model (Yadav et 
al., 2021) 

Code variable   Levels 

   ―1 0  +1   
A Adsorbent dosage (g)  0.1 0.3 0.5  
B Ionic Strength (Mol/L)  0 0.085 0.17  
C Time (Min)  30 75 120  
D pH 

 
2    7 12 

 

Safety and Waste Management 

All experimental procedures were conducted in 
accordance with standard laboratory safety protocols.  
Appropriate personal protective equipment, including 
laboratory coats, gloves, and safety glasses, was used 
throughout the study.  Dye-containing solutions and 
chemical waste generated during the experiments were 
collected and disposed of in accordance with the host 
institution's waste management guidelines and applicable 
environmental regulations. 

3.  Results and Discussion  

3.1 Results of synthesis and activation of the Zn-
BPDC MOF 

In order to obtain a crystalline Zn-BPDC-MOF, 6.06g (25 
mmol) of the ligand and 6.82g (50 mmol) of the metal salt 

were weighed and ground for 20 minutes using an agate 
mortar and pestle.  The resulting crystalline powder was 
then dissolved in ethanol, stirred for 2 hours, and filtered 
to remove unbound or unreacted precursor metal and 
chlorine atoms.  After that, the material was dried in an 
oven at 50 oC for 24 hours to activate it.  After washing 
and activation (drying), 9.46g of the synthesized 
compound was recovered from a total mass of around 
12.88g of the ligand and metal salt.  This indicates that 
3.48g was lost during the washing stage, and the synthetic 
process produced a yield of almost 73.45%. 

3.2 Characterization of the BPDC-based Zn-MOF 
adsorbent 

The functional groups on the adsorbent surface were 
identified by Fourier transform infrared (FT-IR) 
spectroscopy (Figure 1) (Flórez et al., 2024).  

 
Figure 1: Zn-BPDC MOF and BPDC FT-IR Spectra. 
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Figure 2: EDXRF spectra of Zn-BPDC MOF 

Figure 3: (A) Linear fitting Plot of Zn-BPDC MOF, (B) Pore volume plot of Zn-BPDC MOF 

 
Figure 4: Pore size distribution plot 

The BPDC ligand exhibits characteristic aromatic 
vibrations, which are compatible with biphenyl skeletal 
vibrations.  These include para-disubstituted benzene C–

H out-of-plane bending at 805 cm⁻¹ and additional 
aromatic ring deformation bands around 924 and 1006 

cm⁻¹ (Smith, 2016).  While the strong absorption at 1662 

A B 
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cm⁻¹ corresponds to C=O stretching of the carboxyl 
group, shifted to a lower wavenumber due to conjugation 
with the aromatic ring and solid-state interactions, the 

bands that appear in the 1100–1300 cm⁻¹ region are 
attributed to C–O stretching of carboxylic acid groups 
(Nandiyanto et al., 2022).   

 

Figure 5: Plot of determination of pHPZC of Zn−BPDC MOF 

 
Figure 6: XRD patterns of pure BPDC and Zn-BPDC MOF  

∆pH 
 

pHi 
 

BPDC 

Zn-BPDC MOF 
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Figure 7: TGA spectra of the Zn-BPDC MOF sample 

 

Figure 8: Calibration curve of Brilliant blue dye  

Broad O–H stretching bands detected between 2500 and 

2800 cm⁻¹ are indicative of hydrogen-bonded carboxylic 
acid groups (Smith, 2018).  Additional bands missing from 
the free ligand in the Zn-BPDC MOF spectra indicate that 
the framework has assembled.  Due to axial solvent 

coordination at Zn²⁺ centers, a broad absorption band 

near 3369 cm⁻¹ might be attributed to O–H stretching 
vibrations from coordinated or physically adsorbed 
solvent molecules, which are frequently seen in Zn-
carboxylate MOFs (Zelenák et al., 2008; Hadjiivanov et al., 

2020).  The aromatic overtone/combination region 

contains a weak band at about 1938 cm⁻¹, which indicates 
stronger vibrational coupling and structural ordering of 
biphenyl units following framework formation (Hermans 
et al., 2021; Liu et al., 2022).  In conclusion, the emergence 
of novel bands and modifications in carboxylate-related 
vibrations and intensities, which confirm coordination 
between BPDC ligands and Zn2+ ions, promote the 
development of Zn-BPDC MOF. 

-8.3% 

-77% 

-14% 

R2 = 0.9952 
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Table 2: Model Summary Statistics for Zn-MOF adsorption of Brilliant Blue 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS 
 

Linear 14.36 0.7645 0.7252 0.6494 7363.23 
 

2FI 16.51 0.7663 0.6365 0.3081 14530.50 
 

Quadratic 1.02 0.9993 0.9986 0.9968 67.65 Suggested 
Cubic 1.26 0.9995 0.9979 0.9604 831.38 

 

Table 3: Experimental runs with the actual and predicted responses of adsorption of BB  
         Factor 1     Factor 2 Factor 3 Factor 4 Response 1 

Run A: Adsorbent Dosage (Grams) B: Ionic Strength (Mol/L) C: Time (Mins) D: pH Dyes Removal % 

     Actual         Predicted 
1 0.3 0.17 30 7 29.25 29.26 
2 0.1 0.17 75 7 18.33 18.88 
3 0.1 0.085 30 7 18.47 18.00 
4 0.3 0 75 2 91.52 91.26 
5 0.5 0.17 75 7 40.86 40.55 
6 0.5 0.085 30 7 42.12 41.63 
7 0.3 0 30 7 31.07 31.34 
8 0.5 0.085 120 7 41.84 41.44 
9 0.5 0 75 7 44.64 43.60 
10 0.3 0.085 75 7 27.01 27.90 
11 0.1 0 75 7 18.61 18.44 
12 0.3 0.085 30 2 89.84 90.09 
13 0.3 0.085 75 7 29.39 27.90 
14 0.3 0.085 75 7 27.71 27.90 
15 0.3 0.085 120 2 91.38 90.46 
16 0.5 0.085 75 2 97.82 99.09 
17 0.3 0 75 12 22.53 22.38 
18 0.3 0.17 120 7 28.97 30.06 
19 0.3 0.085 75 7 27.15 27.90 
20 0.3 0.17 75 2 91.10 90.37 
21 0.3 0.085 120 12 21.55 20.82 
22 0.5 0.085 75 12 34.71 35.68 
23 0.3 0.085 75 7 28.27 27.90 
24 0.3 0 120 7 29.25 30.59 
25 0.3 0.17 75 12 21.27 20.66 
26 0.3 0.085 30 12 20.71 21.14 
27 0.1 0.085 120 7 18.61 18.23 
28 0.1 0.085 75 12 6.30 6.38 
29 0.1 0.085 75 2 81.16 81.55 

Table 4: ANOVA data for the adsorption of Brilliant Blue onto Zn-MOF 

Source Sum of Squares Degree of freedom Mean Square F-value p-value 
 

Model 20986.29 14 1499.02 1449.94 < 0.0001 significant 
A-dosage 1644.98 1 1644.98 1591.11 < 0.0001 

 

B-ionic strength 5.12 1 5.12 4.95 0.0430 
 

C-Time 0.0016 1 0.0016 0.0016 0.9689 
 

D-pH 14404.49 1 14404.49 13932.82 < 0.0001 
 

AB 3.06 1 3.06 2.96 0.1074 
 

AC 0.0441 1 0.0441 0.0426 0.8394 
 

AD 34.54 1 34.54 33.41 < 0.0001 
 

BC 0.5924 1 0.5924 0.5730 0.4616 
 

BD 0.1762 1 0.1762 0.1705 0.6859 
 

CD 0.1224 1 0.1224 0.1184 0.7359 
 

A² 6.31 1 6.31 6.11 0.0269 
 

B² 14.14 1 14.14 13.68 0.0024 
 

C² 5.66 1 5.66 5.47 0.0346 
 

D² 4654.58 1 4654.58 4502.17 < 0.0001 
 

Residual 14.47 14 1.03 
   

Lack of Fit 10.73 10 1.07 1.15 0.4866 not significant 
Pure Error 3.74 4 0.9361 
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Figure 9: Fitting quality of the predicted and actual values 

 

Figure 10 (A) Plot of the Internally studentized residual with normal probability, (B) plot of the predicted value 
against the internally studentized residuals of the Brilliant Blue dye adsorption by Zn-BPDC-MOF.   

Figure 2 displays the Zn-BPDC MOF's EDXRF 
spectrum.  X-ray fluorescence (XRF) spectroscopy was 
used to determine the elemental composition of the Zn–
BPDC metal–organic framework (MOF) produced.  Zinc 
is the only major metal atom found in the composite 
material, according to the approach; all other elements 
were present at negligible levels.  Zn's integration into the 
framework is confirmed by the strong Zn Kα (8.6 keV) 
and Kβ (9.6 keV) emission lines in the spectrum.  The high 
intensities of the Zn Kα and Kβ peaks confirm the 

successful incorporation of Zn²⁺ ions into the MOF 

framework.  Therefore, the EDXRF analysis's result 
validates and confirms that zinc is the material's primary 
metallic component (Abid et al., 2024; Pasandideh and 
Razmi, 2022) 

In accordance with IUPAC recommendations for 
mesoporous and microporous solids, the BET surface 
area was calculated using the multi-point BET method in 
the linear portion of the BET plot, which corresponds to 

a relative pressure (P/P₀) range of 0.049–0.303 (Thommes 
et al.,2020).  The material has a surface area of 221.022 

R2 = 0.9993 

(B) (A) 
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m²/g, which is considered considerable, according to the 
BET study.  Plotting PV (P0-P) versus relative pressures 
P/P0 made the estimation of key parameters, such as 

slope, intercept, and BET constant (C) possible, which 
were utilized to calculate the specific surface area (Figure 
3A). 

 
Figure 11: Plot of the predicted value against the externally studentized residuals of the Brilliant Blue dye 
adsorption by Zn-BPDC-MOF.   

Figure 4 also displays the pore size distribution (PSD) plot.  
The linear regression analysis produced a slope of 12.518, 
an intercept of 3.239, a correlation coefficient (R²) of 
0.988, and a BET constant (C) of 4.865.  The BET plot 
has a well-defined linear region.  The Barrett–Joyner–
Halenda (BJH) method was also used to assess the pore 
structure characteristics of the adsorbents.  This technique 
provides information about pore size, pore volume, and 
mesopore distribution.  The BJH data (Figure 3B) show 
an average pore diameter (BJH Dv(d)) of 2.118 nm and a 
pore volume of 0.134 cm³/g.  With pore widths of about 
2.12 nm, which fall within the IUPAC-defined mesopore 
range of 2–50 nm, this suggests that the material has 
mesoporosity.  The material's accessible internal voids or 
cavities, a key feature of MOFs, are shown by the pore 
volume of 0.134 cm³/g, which increases the availability of 
active adsorption sites (Ren et al.,2013) 

The surface of the synthesized BPDC-based MOF had a 
pHPZC of 6 (Figure 5), indicating that it is positively 
charged at pH values below 6 and negatively charged at 
pH values above 6.  This has direct implications for 
adsorption selectivity: cationic species are electrostatically 
favoured at pH > 6, while anionic species are favoured at 
pH < 6.  The observed pHPZC is in line with previously 
published BPDC-based frameworks, in which the metal 
node, synthetic and post-synthetic modifications, and the 
carboxylate linker environment frequently result in near-
neutral pHPZC values (Ghaedi et al., 2024; Dong et al., 
2019). 

Figure 6 shows the XRD patterns of BPDC and the 
synthesized Zn-BPDC MOF.  XRD analysis was used to 
assess the identity of the ligand, the materials' crystallinity, 
phase purity, and structural features.  The Zn-BPDC 
MOF exhibited distinct diffraction peaks at 2θ = 16.92, 
24.52, 25.23, and 26.78°, confirming its crystalline nature.  
The disappearance and shift of the characteristic BPDC 
peaks at 2θ = 13.01, 15.11, 28.89, 32.41, and 39.85° 
indicates successful coordination between the carboxylate 

groups of BPDC and Zn²⁺ ions, resulting in framework 
formation.  A noticeable reduction in peak intensity was 
observed for the Zn-BPDC MOF compared to the pure 
ligand.  This reduction does not indicate poor crystallinity 
but is attributed to a structural rearrangement following 
coordination of Zn(II) ions to BPDC ligands.  Similar 
observations have been reported for Ni-BPDC MOFs 
synthesized via hydrothermal methods, in which reduced 
peak intensity was associated with framework formation 
and changes in crystallographic order rather than with a 
loss of crystallinity (Wang et al., 2019; Wang et al., 2020).  
The XRD pattern of the pure BPDC ligand is consistent 
with earlier reports (Zhang et al., 2021; Li et al., 2022).  
The presence of broad peaks may be attributed to partially 
crystalline or disordered MOF domains (Al-Zawahreh et 
al., 2024; Zhang et al., 2021).  A similar reduction in peak 
intensity was also reported for a solvothermally 
synthesized Zn-BPDC MOF, in which partial loss of 
crystallinity was linked to activation and solvent retention 
within the porous framework (Guilherme et al., 2018).  
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Figure 12 (A-F): 3D surface plots showing the effects of the four factors on Brilliant Blue dye adsorption by Zn-
BPDC-MOF.  

The thermal stability of the synthesized Zn-BPDC MOF 
was evaluated using a Perkin Elmer Thermal Analyzer 
over a temperature range of 30–950 °C at a heating rate of 

10 °C min⁻¹.  The TGA profile shown in Figure 7 exhibits 
three distinct weight-loss stages.  The first stage, 
accounting for approximately 8.3% weight loss below 310 
°C, is attributed to the removal of physically adsorbed 
water, residual solvent molecules, and traces of chlorine-
containing species present in the material.  The second and 

most significant weight-loss stage occurred between 311 
and 512 °C, corresponding to about 77% mass loss and 
associated with the decomposition of the organic BPDC 
ligand and the carboxylate framework.  A final weight loss 
of about 14% was observed above 520 °C, indicating the 
collapse of the MOF structure and the formation of ZnO 
as the thermally stable residual product.  The stability of 
the material up to approximately 310 °C suggests that the 
synthesized Zn-BPDC MOF possesses adequate thermal 

(A) (B) 

(C) 

(D) 

(E) 
(F) 
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resistance for potential adsorption and catalytic 
applications, which is consistent with previous reports on 
Zn-based MOFs (Zhang et al., 2021; Liu et al., 2022). 

The calibration curve used for Brilliant Blue concentration 
determination (Figure 8) showed good linearity over the 
studied concentration range (2-10 Mg/L), with a 

regression coefficient (R²) of 0.9952.  The linear regression 
equation obtained was y = 0.0231x + 0.0046, where y is 
absorbance and x is dye concentration.  The high R² value 
indicates a strong correlation between absorbance and 
concentration, confirming the reliability of the calibration 
model for accurate determination of residual dye 
concentrations during the adsorption experiments. 

 
Figure 13: Optimization graph showing the best predicted values for optimum adsorption of Brilliant Blue dye 
by Zn-MOF 

Table 5.  RSM-Optimized condition of Brilliant blue adsorption on Zn-MOF 

A (g) B (Mol/L) C (Min) D (pH)   Dye Removal %  

    Actual  Predicted   qe (mg/g) 
0.473 0.0017 34.66 2.12    98.33 99.16 

 
6.22 

  
3.3 Statistical Modelling and Optimization of BBD 
removal by BPDC-based Zn-MOF 

3.3.1 Model summary statistics and adequacy 

The linear 2FI, quadratic, and cubic equations of the 
Response Surface Methodology (RSM) were used to 
model the optimization parameters in this work, including 
pH, adsorbent dosage, time, and ionic strength.  Table 2 
makes clear that the quadratic model was recommended 
and selected since it has the lowest press, standard 
deviation, and difference between the adjusted R2 and 
predicted R2 values. 

Table 3 presents the experimental design and the 
experimental and predicted percentage dye removal (% 
removal).  The lowest BB adsorption was 6.30% at 
adsorbent dosage of 0.1g, ionic strength level of 
0.085Mol/L, pH of 12, and 75 minutes, whereas the 
maximum removal percentage for brilliant blue 
adsorption was 97.82% at adsorbent dosage of 0.5g, ionic 
strength level of 0.085Mol/L, and pH level of 2 at 75 
minutes.  The regression equation for this experiment is 
shown as follows in terms of the actual values: 

Dye Removal (%) = 122.811 + 28.4192 x A + -31.0746 x 
B + -0.0685439 x C + -22.7117 * D + -51.448 x AB + -
0.0116615 x AC + 2.93871 x AD + 0.100609 x BC + -
0.4939 x BD + -0.000777436 x CD + 24.6641 x A2 + 
204.339 x B2 + 0.000461279 x C2 + 1.07151 x D2 

                                 (4) 

3.3.2 Regression Analysis and ANOVA   

The analysis of variance (ANOVA) results shown in Table 
4 were used to analyze the model.  The statistical 
significance of the model was assessed using the Fisher 
test; a higher Fisher's F value is considered to suggest a 
more suitable and significant model (Sheikhi et al., 2020).  
The model was found to be relevant and suitable for 
design monitoring.  The tiny p-value (p < 0.05) of the 
quadratic model indicates its statistical significance and its 
ability to predict BBD dye removal with high accuracy and 
precision (Kothari et al., 2022; Gadekar and Ahammed, 
2019).  It is important to remember that if a term's p-value 
is more than 0.05, it is considered statistically insignificant 
(Nguyen et al., 2022).  The model was found to be 
significant and suitable for design monitoring.  The 

A:dosage = 0.472659

0.1 0.5

B:ionic strength = 0.00168621

0 0.17

C:Time = 34.658

30 120

D:pH = 2.12258

2 12

Dye Removal  = 99.1637

6.29723 97.817

Desirability = 1.000

Solution 3 out of 100
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quadratic model's tiny p-value (p < 0.05) indicates its 
statistical significance and great accuracy and precision in 
predicting BBD dye elimination (Ahmadi et al., 2018; 
Gadekar and Ahammed, 2019).  A F value of 1.15 means 
that the lack of fit is not statistically significant in 
comparison to pure error.  This magnitude of lack of fit 
F-value has a 48.66% probability of being due to random 
variation.  A lack of fit that is not statistically significant is 
a good thing.  The model fits the experimental data well 
and the independent process variables significantly affect 
the response if the p-value for lack of fit is more than 0.05 
(Bezerra et al., 2008) 

3.3.3 Adequacy of the model 

Table 3 showed the percentage of actual and expected 
(predicted) values for BBD elimination data.  The primary 
objective of using regression models is to further ascertain 
the model's ability to predict the response variable.  As 
seen in Figure 9, plotting the predicted value of BBD 
adsorption against the actual value from data results in an 
R2 value of 0.9993, which validates the models' accuracy 
and may be used in the experiment (Yousefi et al., 2022) 

3.3.4 Residuals’ Normal Probability Plot (NPP) 

The normal probability plot (NPP) of the residuals is a 
crucial statistical tool for assessing the appropriateness of 
the model.  Figure 10A displays the NPP of the residuals 
for the adsorption of brilliant blue dye.  The data analysis 
shows that the residuals are distributed along the normal 
distribution's diagonal.  This implies that the model is 
suitable.  Figure 10B displays a graph of residual versus 
predicted brilliant blue dye percent removal data.  The 
points in this graph, which cluster around the diagonal 
line, demonstrate how well the model fits the data.  The 
plot of the predicted value against the externally 
studentized residuals is also presented in Figure 11 
(Ahmad et al., 2021) 

3.3.5 3D Surface Plots 

In order to assess response value variation and identify the 
ideal conditions of the variables that will result in the 
highest present dye removal for BBD in aqueous 
solutions, three-dimensional (3D) surface plots were 
analyzed and used to illustrate the influence of the process 
parameters (independent variables) and the dependent 
variable (percent dye uptake).  The 3D graphs in Figure 12 
illustrate the effects of the initial pH of the dye solution, 
the adsorbent dose, and other factors.  These figures 
clearly show that the pH solutions and the adsorbent 
dosage significantly influenced the proportion of dyes 
removed in each experimental run. 

As there are more sorption sites for the adsorbent in the 
system, the percentage of BBD elimination increases with 
higher adsorbent dosage levels (Shah et al., 2013).  
Similarly, the outcome of the adsorbent's point of zero 
charge (Figure 5) can be directly linked to the effect of pH 
on the percentage of BBD removal.  The adsorbent was 
found to have a pHZPC of 6.  Above this pH, the 
adsorbent's surface has a high net negative charge density, 
which explains its poor affinity for the negatively charged 

dye (at pH 7 and 12).  Below pH 6, on the other hand, its 
surface is dominated by positive charge, which explains its 
high affinity for the negatively charged dye in this study (at 
pH of 2).  The optimum pH of 2.12 obtained from the 
RSM model can be attributed to the positively charged 
surface of the Zn–BPDC MOF at pH values below its 
pHPZC (6), which enhances electrostatic attraction 
between the adsorbent surface and the anionic Brilliant 
Blue dye molecules, resulting in improved adsorption.  
The 3D figure and its P-Value (Table 4) also show that the 
time and ionic strength factors had no significant effects. 

3.3.6 Desirability Function (DF) and Process 
Optimization 

In chemistry, process optimization is crucial for reducing 
expenses, time, and energy in multi-response approaches 
(Singh et al., 2022).  To determine the best-predicted 
probability, the desirability function was applied to the 
highest response (per cent dye removal).  The values of 
the desirability function vary from undesired (0) to 
desirable (1) (Kumari et al., 2023).  Figure 13's 
optimization chart shows the optimal percentage removal 
of BBD and the best-predicted spots for the intended 
purpose.  According to this desirability function, the 
predicted conditions for the highest percentage of BBD 
removal were 0.473 grams of adsorbent, pH 2.12, ionic 
strength 0.0017 mol/L, and 34.66 minutes.  This yielded a 
predicted dye removal percentage of 99.16% compared to 
the observed experimental removal percentage of 98.33% 
(Table 5). 

CONCLUSION  

A solvent-free mechanochemical synthetic route was 
employed to prepare a Zn-BPDC MOF adsorbent for the 
removal of Brilliant Blue dye (BBD) from aqueous 
synthetic wastewater.  FTIR, EDXRF, BET, XRD, TGA, 
and pHPZC characterization analyses confirmed the 
incorporation of zinc into the ligand framework and its 
thermal stability.  Using 29 experimental runs generated 
by the Box–Behnken design of response surface 
methodology, the effects of adsorbent dosage, ionic 
strength, contact time, and pH on the adsorption process 
were evaluated.  The optimum conditions were 
determined to be an adsorbent dosage of 0.473 g, ionic 

strength of 0.0017 mol L⁻¹, contact time of 34.66 min, and 
pH of 2.12, resulting in a maximum BBD removal 
efficiency of 98.33%.  The study demonstrated the 
effectiveness of response surface methodology in 
optimizing the adsorption process and identifying the 
conditions required for maximum dye removal. 

However, it -should be noted that the adsorption 
experiments were conducted using synthetic dye solutions 
under controlled laboratory conditions, which may not 
fully reflect the complexity of real industrial effluents.  In 
addition, regeneration, reusability, and metal leaching 
studies were not performed, and the long-term stability of 
the synthesized Zn-BPDC MOF remains to be established 
in future studies.  Furthermore, the optimum adsorption 
occurred at a strongly acidic pH of 2.12, which may 
increase chemical consumption and operational costs in 
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practical wastewater treatment applications.  In future 
studies, the researchers will focus on determining 
adsorption capacity from isotherm studies using the 
optimum conditions established by the developed model 
in this study, on regeneration and reusability assessments, 
and on validation using real wastewater. 
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