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Efficient removal of mercury (II) ions using glutamic acid modified metal-organic 

framework: Adsorption models, thermodynamics, and parameter optimization

Table S1. chemical name, formula, and company.

Chemical name Formula Company

Silver nitrate AgNO3 Sigma-Aldrich, Germany

Mercuric chloride HgCl2 Sigma-Aldrich, Germany

2-aminoterephthalic acid C8H7NO4 Sigma-Aldrich, Germany

Glutamic acid C5H9NO4 Sigma-Aldrich, Germany

Sodium hydroxide NaOH LOBA CHEMIE PVT.LTD, India

Hydrochloric acid 37% HCl LOBA CHEMIE PVT.LTD, India

Ethanol C2H5OH LOBA CHEMIE PVT.LTD, India

Methanol CH3OH LOBA CHEMIE PVT.LTD, India
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Table S2. Instruments and equibments.

Test name Abbrevation Instrument name Company Illustration

Fourier 

transformer 

infrared

FT-IR A Nicolet IS10 Fourier 

transform infrared 

(FTIR) spectrometer

Thermo Fisher 

Scientific,

Waltham, MA, 

USA

equipped with an attenuated total reflectance 

accessory and which ran in the 4000-400 cm–1 range 

was used to gather FTIR spectra

Powered X-ray 

diffraction

PXRD Siemens diffractometer 

(model D500, Germany)

Germany patterns were captured from powder samples 

through the use of a Siemens diffractometer (model 

D500, Germany) that was fitted with a Cu-K 

radiation source (wavelength 1.54 Angstroms (Å)) 

operating at 30 kV and 20 mA.

Scanning Electron 

Microscope

SEM (JSM-6510LV, JEOL 

Ltd., Tokyo, Japan)

JEOL Ltd., 

Tokyo, Japan

The morphology of the investigated sorbents was 

analyzed with the use of a scanning electron 

microscope 

X-ray 

photoelectron 

spectroscopy

XPS K-ALPHA (Themo 

Fisher Scientific, USA)

Themo Fisher 

Scientific, 

USA

Used for determination the elemental analysis for 

the compound

Braunnar Emmet  

Teller

BET Quantachrome 

Instruments, Anton Paar 

Quanta Tec, Inc., 

Boynton Beach, FL, 

Quanta Tec, 

Inc., Boynton 

Beach, FL, 

USA

was utilised for surface and pore analysis (Brunauer 

Emmett-Teller (BET) surface area, porous volume, 

and pore size), and NovaWin Software (v11.0) was 

used for data interpretation.
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USA The BET surface area of material adsorbents was 

obtained by the application of nitrogen adsorption-

desorption isotherms at 77K through the use of a 

specific analyser (Quadrasorb–EVO, Quantachrome, 

USA).

UV-visible 

spectrophotometer

UV 

spectrophotometer

HACH LANGE DR5000 HACH 

LANGE 

Germany

Measuring the concentration of the adsorbate 

soulution via using bear lambert law

Atomic 

adsorption 

spectrometer

PerkinElmer atomic 

absorption spectrometer 

(PinAAcle 500), 

Singapore

PerkinElmer, 

Singapore

Measuring the metal concentration

Energy Dispersive 

X-ray

EDX Leo1430VP microscope Carl Zeiss AG, 

Jena, Germany

Elemental analysis of the material

pH meter pH HANNA (model 211) USA Measuring the acidity or basicity of the solution

Sonication Ultrasonic Elmasonic P300H 

ultrasonic bath, 

continuous mode, power 

380 W

Elma 

Schmidbauer 

GmbH, Singen, 

Germany

Sonication of the material as well as used ton 

disperse material on the solution as it decrease the 

particle size of the material

Water bath Shaking GFL Orbital Shaker 

3017
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Table S3. True variables, codes, and their BBD levels.

Code Variables -1 0 +1

A pH 1 4 7

B Dose (g) 0.08 10.04 20

C Time (min.) 5 55.5 100

Table S4. Crystalographic data of NH2-Ag-MOF.

hkl 2θ Observed 2θ Calculated Difference

-1    0    0 8.4161 8.3236 0.0925

1   -1    0 9.4557 9.4655 -0.0098

-1    0    1 10.2851 10.1803 0.1048

1   -1    1 13.8436 13.7447 0.0989

-2    0    1 14.8678 14.7811 0.0867

-1    1    1 15.8639 15.7445 0.1194

1   -2    1 16.2822 16.185 0.0972

1   -2    0 16.819 16.9235 -0.1045

-2    1    1 17.2102 17.185 0.0252

-2   -1    0 22.4098 22.4649 -0.0551

-3    0    2 24.1853 24.0962 0.0891

-1   -3    2 25.5075 25.5947 -0.0872

-1   -2    3 26.5019 26.4196 0.0823

2   -2    2 27.7776 27.6924 0.0852

0   -3    3 29.0765 29.1508 -0.0743

2   -1    2 29.8911 29.8265 0.0646

2    1    1 30.9764 30.9681 0.0083

1    2    1 32.2876 32.3602 -0.0726

-4    0    0 33.7139 33.7509 -0.037

3    2    0 37.7073 37.7547 -0.0474

2    2    1 38.8598 38.8857 -0.0259
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-4    3    2 40.6502 40.6763 -0.0261

-3    2    3 41.0262 41.0388 -0.0126

-2   -4    1 41.7318 41.6669 0.0649

2   -6    2 46.2829 46.2874 -0.0045

-4    3    3 48.5596 48.5458 0.0138

1   -6    1 49.4894 49.4368 0.0526

-6    4    2 53.3868 53.352 0.0348

2   -7    2 54.8492 54.8362 0.013
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Table S5. Equations used in this work to fit the data of adsorption experiments.

Serial Equation Nmae Description Ref.

1
𝑞𝑒 =  

𝑞𝑚

1 + 𝐾𝐿𝐶𝑒

Langmuir qe (mg/g) Adsorption capacity, Ce equilibrium concentration,  qm (mg/g) is the 

monolayer saturation capacity constant and KL (L/mg) is the Langmuir 

constant associated with the free adsorption energy.

The favorability of the adsorption process in the Langmuir model is 

determined by means of the RL dimensionless factor (RL = 1/(1 + kLC0)) as 

follows: RL = 0, 0 < RL < 1, RL = 1, and RL > 1 indicating irreversible, 

favorable, linear, and unfavorable adsorption isotherms, respectively.

[1]

2
q𝑒 = K𝐹 𝐶𝑒

1
𝑛

Freundlich KF Freundlich isotherm constants [(mg/g)/(mg/L)1/n], and 1/n represents the 

exponent of non-linearity (i.e., C-type, L-type, and S-type isotherms). n is the 

Freundlich constants, and n < 1 indicates poor adsorption while n = 1–2 and n 

= 2–10 indicate average and good adsorptions, respectively. The values of n 

and kf are calculated, respectively

[2]

3 q𝑒 = q𝑚exp ( ‒  𝛽𝜀2)

𝜀 = 𝑅𝑇𝑙𝑛(1 +
1
𝐶𝑒

)
𝐸𝐷𝑅 =

1
2𝐾𝐷𝑅

Dubinin–Radushkevich qD is the maximum monolayer adsorption capacity (mg/g), BD is the activity 

coefficient related to the apparent free energy of adsorbate adsorption onto the 

adsorbent (mol2/kJ2), εD is the Polanyi potential which is related to the 

equilibrium concentration, and E is the mean adsorption energy.

[3]

4
ln( )

𝑞𝑒 =  𝑄𝑚𝑎𝑥
𝑅𝑇
𝑏 𝐾𝑇𝐶𝑒 

Temkin KT is the Temkin isotherm constant or equilibrium binding constant (L/mg) 

corresponding to the maximum binding energy, and bT is the Temkin isotherm 

constant related to the heat of adsorbate adsorption onto the adsorbent due to 

adsorbent-adsorbate interaction (J/mol), R is the gas constant (8.314 J/mol.K), 

and T is the absolute temperature (herein 298 K).

[4]

5 q𝑡 = 𝑞𝑒(1 ‒ 𝑒
𝐾1𝑡) Pseudo-First-order kinetic qe and qt are the adsorption capacities at equilibrium and time t (mg/g), and k1 [5]



S7

is the rate constant (min−1), respectively.

6
𝑞𝑡 =

𝑡𝐾2𝑞2
𝑒

1 + 𝑞𝑒𝐾2𝑡

Pseudo-Second-order kinetic k2 is the pseudo-second order constant (mg/(g.min)) [6]

7
𝑞𝑡 =  𝐾𝑖 𝑡

1
2 + 𝑋

Intraparticle diffusion qt is the adsorption capacity at time t in (mg/g), kint is the intraparticle diffusion 

rate constant (mg∙g−1∙min−1/2), and C is a constant related to the the thickness 

of the boundary layer (mg/g).

[7]

8 𝑞𝑡 =  
1
𝛽

ln (𝛼𝛽𝑡 + 1) Elovich The constants α chemical adsorption rate (mg.g−1min−1), and β Coefficient in 

relation with extension of covered surface
[8]

9 ∆Go = ∆Ho − T∆So                                                                                       Gibbs free energy ΔG°: Gibbs free energy change; Kd: equilibrium constant; R: gas constant; T: 

temperature.
[9]

10
𝐿𝑛𝐾𝑑 =

∆𝑆°

𝑅
‒

∆𝐻°

𝑅𝑇
Van’t Hoff ΔS°: entropy change; ΔH°: enthalpy change. [10]

11
𝐿𝑛𝐾𝑑 = 𝑙𝑛𝐴 ‒ (

𝐸𝑎0

𝑅
)
1
𝑇

Arrhenius Ea was the activation energy, A Arrhenius constant, R ideal gas constant 8.314 

J/mol.K, T (K) is the absolute solution temperature
[11]

12
Kd =

qe

Ce

Selective adsorption The distribution coefficient (Kd), qe adsorption capacity, Ce 

concentration at equilibrium

[12]

13
K𝐻𝑔 =

Kd(𝐻𝑔)

Kd(ions)

Selective adsorption
Where KHg and Kions represent the distribution coefficients of 

Hg(II) and coexisting interfering ions, respectively. 

[13]

14
Kions =

Kd(ions)

Kd(𝐻𝑔)

Selective adsorption
Where KHg and Kions represent the distribution coefficients of 

Hg(II) and coexisting interfering ions, respectively. 

[14]
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15
αd =

KH𝑔

Kions

Selectivity coefficient (K) and relative selectivity coefficient (αd) [15]
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Table S6. The parameter of the adsorption isotherm for Hg(II) on NH2-Ag-MOF.

Isotherm Value of parameters

qm exp (mg/g) 636.27
qm (mg/g) 638.2
KL (L/mg) 0.0207

RL 0.48

Reduced Chi-Sqr 32.56689

Residual Sum of Squares 521.07021

R-Square (COD) 0.9992

Adj. R-Square 0.99915

Langmuir

R2 0.999

n 2.72

KF (mg/g) (L/mg)1/n 83.7

Reduced Chi-Sqr 1172.37108

Residual Sum of Squares 18757.93724

R-Square (COD) 0.97114

Adj. R-Square 0.96933

Freundlich

R2 0.968
QDR(mg.g−1) 578.88

KDR (mol2/kJ2) 1.04E-4
Ea (kJ/mol) 31.6

Reduced Chi-Sqr 3603.44831

Residual Sum of Squares 57655.17294

R-Square (COD) 0.91129

Adj. R-Square 0.90574

Dubinin–Radushkevich

R2 0.906

bT (J/mol) 15.84

KT (L/mol) 0.22

Reduced Chi-Sqr 163.68444

Residual Sum of Squares 2618.9511

Temkin

R-Square (COD) 0.99597
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Adj. R-Square 0.99572

R2 0.996

K 15.38

J 0.022

Reduced Chi-Sqr 34.3751

Residual Sum of Squares 515.62646

R-Square (COD) 0.99921

Adj. R-Square 0.9991

Jossens

R2 0.999

Table S7. Models of adsorption kinetic parameters of Hg(II) on NH2@Ag-MOF

Model Value of parameters
K1 (min−1)x10−2 0.0915

Reduced Chi-Sqr 2117.82712

Residual Sum of Squares 38120.88815

R-Square (COD) 0.94657

Adj. R-Square 0.9436

Pseudo-First-order kinetic

R2 0.944
K2 (g.mg−1min−1)x10−2 1.66E-4

qe (mg/g) 636.8

Reduced Chi-Sqr 2321.08931

Residual Sum of Squares 41779.6076

R-Square (COD) 0.94144

Adj. R-Square 0.93818

Pseudo-second-order kinetic

R2 0.937

Ki (mg.g−1min1/2) 81.93
X (mg/g) 29.11

Reduced Chi-Sqr 12906.64351

Residual Sum of Squares 245226.22668

Intraparticle diffusion

R-Square (COD) 0.65627
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Adj. R-Square 0.65627

R2 0.655
β (g/mg) 139.58

α (mg.g−1min−1) 0.01
Reduced Chi-Sqr 3485.1365

Residual Sum of Squares 62732.45698

R-Square (COD) 0.91207

Adj. R-Square 0.90718

Elovich

R2 0.906
Experimental data qe (exp) (mmol/g) 635.7

Table S8. The thermodynamic parameters.

T (K) ΔG (kJ/mol) ΔH (kJ/mol.K) ΔS (J/mol.K)

293 -0.4211

298 -1.87813

303 -3.33516

84.9 291.4

308 -4.79219

313 -6.24922

318 -7.70625
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Fig. S1. (a) XRD pattern of NH₂-Ag-MOF with phase identification using QualX 

software, (b) Rietveld-Fitted X-ray Diffraction Pattern of NH₂-Ag-MOF Using Profex.

Fig. S2. TGA of NH2-Ag-MOF.
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Fig. S3. (a) Effect of initial concentration (pH: 4, Ci: 104 to 806 mg/L, dose: 0.02 g, contact 

time: 100 min., volume 25 mL, temperature 25 oC), (b) Effect of contact time (pH: 4, Ci: 500 

mg/L, dose: 0.02 g, contact time: 100 min., volume 25 mL, temperature 25 oC), and (c) Effect of 

temperature (pH: 4, Ci: 600 mg/L, dose: 0.02  to 0.50 g, contact time: 30 min., volume 25 mL, 

temperature 25 oC) on adsorption of Hg(II) ions on NH2-Ag-MOF.
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Fig. S4. (a) Regeneration efficiency of NH2-Ag-MOF, (b) XRD of regneratyed NH2-Ag-MOF, 

and (c) SEM of regneratyed NH2-Ag-MOF.
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Fig. S5. Consequences of removing Hg(II) from an actual water sample.
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