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A B S T R A C T   

In this study, copper metal organic frameworks (Cu-MOF) and silver metal organic frameworks (Ag-MOF) were 
synthesized and immobilized on and between GO sheets using an ultrasonication process. The GO-immobilized 
MOFs (GO-Ag-MOF and GO-Cu-MOF) showed enhanced physicochemical properties, including enhanced surface 
area, surface charge, and active adsorption sites confirmed with characterization techniques such as zeta po
tential, Brunauer–Emmett–Teller (BET), X-ray diffraction (XRD) and scanning electron microscopy (SEM). In 
addition, the adsorption capacities of Ag-MOF, Cu-MOF, GO-Ag-MOF, and GO-Cu-MOF materials for methylene 
blue dye (MB), as an organic contaminant model, were thoroughly evaluated at different experimental conditions 
(pH (3–10), temperature (25–45 ◦C), and adsorbate concentrations (0–150 ppm)). The kinetics and thermody
namic behavior of the synthesized MOFs revealed that both GO-Ag-MOF and GO-Cu-MOF showed around 10% 
increase in adsorption capacity in comparison to the pristine Ag-MOF and Cu-MOF at all the tested conditions. 
GO-Ag-MOF exhibited more than 98 % dye removal, followed by Ag-MOF (90%), GO-Cu-MOF (75%), and Cu- 
MOF (65%). The main mechanism for adsorption was monolayer adsorption based on electrostatic in
teractions. All MOFs showed more than 80% re-generability after three regeneration cycles   

1. Introduction 

Metal-Organic Frameworks (MOF) are 3D crystalline materials with 
a highly porous structure introduced recently as the new generation of 
adsorbents.[1–4] The synergistic connection between the metallic atom 
and an organic ligand by coordination gives MOFs’ the flexibility to act 
as adsorbents for sulfur compounds[5], phenols[6], dyes[7], and phar
maceutical products.[8] MOFs’ unique characteristics, such as selec
tivity, enhanced surface area, shape tunability, pore size, and porosity, 
accentuate their application in removing different types of contaminants 
from wastewater.[9–12] The morphological and physicochemical 
properties of MOFs play a critical role in the adsorption process. For 
instance, MOF pore size, geometry, hydrogen bonding, π-π bond in
teractions, acid-base interactions, and electrostatic interactions govern 
the adsorption process. [13–15]. Cu-BTC MOF, also known as HKUST-1, 
is one of the most commonly used MOFs in separations, drug delivery, 
and catalysis due to their exceptional thermal and mechanical stability. 
[16,17] Wang et al. [18] reported copper-based MOF (JLU-MOF51) had 
a significant adsorption capacity of greater than 90% for fluorescein 
disodium, with almost total adsorption occurring after 30 min. 

Comparatively, other dyes such as MO, rhodamine B, and orange G 
showed marginal adsorption (<40%) even after 90 min. As such, the 
authors concluded that the size and shape of the adsorbent and dyes 
governed the size-selective mechanism of JLU-MOF 51.[18] The same 
mechanism for MIL-53(Al)–NH2, along with the hydrogen bonding be
tween the dye and MOF, demonstrated the importance of physico
chemical interactions for adsorption.[19] Combined with the intrinsic 
properties of copper, an exploration into the adsorption properties of 
copper-composite nanoparticles has shown favorable results in the 
removal of dye from contaminated wastewater [20]. Ag nanoparticles 
(NPs) were reported as an effective adsorbent for dyes. Satapathy et al. 
[21] reported the use of Ag NPs for the removal of crystal violet dye with 
a high removal efficiency of 97.2% [21,22]. 93 % removal of Rhodamine 
B dye using biosynthesized AgNPs was reported by Azeez et al. [22]. 
AgNPs coated onto activated carbon were reported as an efficient 
adsorbent for a number of dyes [23,24]. However, the use of Ag-MOF for 
dye removal has not been reported based on our literature review. 

One of the critical factors governing MOFs physicochemical prop
erties is the synthesis process. Most of the MOFs have been traditionally 
synthesized using a solvothermal process. Although there are benefits to 
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using the solvothermal method, such as higher surface area and better 
stability, it is carried out at higher temperatures (greater than 120 ◦C), 
uses harsher non-environmental friendly chemicals, and has longer 
synthesis time (greater than 12 h).[25] In this project, we use an alter
native method to synthesize MOFs using ultrasonication technique at 
room temperature (25 ◦C), fast synthesis time (<1h), and non-hazardous 
solvent (ethanol) without the need of extreme conditions. It was re
ported by Abbasi et al., [26] that the sonication method decreased the 
surface area of the Cu-BTC (371 m2/g) compared to the mechanosyn
thesis method (1033 m2/g), although the uptake of guest molecules on 
MOF synthesized using the sonication method was remarkable.[26] 
Despite the advantages, the ultrasonication process is still limited by 
factors such as low stability at high temperatures and humidity, inade
quate surface areas, and small pore volumes, all of which hinder the 
performance of MOFs’ in the adsorption process.[9] To overcome these 
limitations, the functionalization of MOFs with other compounds is 
adapted to reinforce the MOF properties. Graphene Oxide (GO) has been 
shown to be an efficient absorbent for different types of dyes across the 
color spectrum. [27,28] GO exhibits excellent tunability, low purchase 
costs, a negative surface charge, and active functional groups, such as 
edge-located carboxyl groups and basal hydroxyl and epoxide groups, 
which make GO excel in adsorption compared to other adsorbents. 
[29–31] Based on the unique properties of GO, reinforcement of MOF 
structure by GO can mitigate the mentioned MOF drawbacks and 
enhance the adsorption process. The adsorption of dyes on GO, organic 
nanoparticles and MOFs has previously been studied individually. 
However, the synergetic effects of GO-MOFs have not been reported. 

In this study, Ag-MOF and Cu-MOF were synthesized and immobi
lized on or between GO sheets by the facile, rapid, and eco-friendly 
sonication method. The fabricated GO-Cu-MOF and GO-Ag-MOF com
pounds were characterized using DLS, zeta potential, BET, FTIR, XRD 
and SEM techniques to identify the new structure of GO-immobilized 
MOFs. The adsorption kinetics behavior and the mechanisms of the 
dye (methylene blue) removal, as a contaminant model, for all the 
fabricated compounds were investigated at different operational 

conditions and compared with each other to identify the correlations 
between MOF structure and adsorption mechanisms. 

2. Experimental section 

2.1. Materials 

Ethanol (Purity, 99%), silver nitrate (AgNO3), copper nitrate hemi
pentahydrate (Cu(NO3)2. 2.5 (H2O), 1, 3, 5-benzentricarboxylic acid 
(BTC) and methylene blue (MB) (C16H18ClN3S.H20, λ = 665 nm) were 
purchased from Merck (Darmstadt, Germany). Graphene-oxide (GO) 
nano-powder (US1022) with 1.5–5.5 µm diameter and 0.43–1.23 nm 
thickness were purchased from US Research Nanomaterial, Inc. (Hous
ton, USA). 

2.2. Synthesis of GO-Cu-MOF and GO-Ag-MOF Adsorbent 

Four different MOF compounds, including GO-Ag-MOF, GO-Cu- 
MOF, Ag-MOF, and Cu-MOF, were synthesized using the sonication 
technique.[31] To synthesize the GO-Ag-MOF, 0.5 g of silver nitrate and 
0.5 g of BTC were mixed with water and ethanol, respectively, in two 
separate 20 ml clean flasks for 30 min at room temperature. The 
resulting solutions were added to a 10 ml graphene oxide/partially 
reduced graphene oxide (GO/rGO) aqueous solution (5 g/L) and bath 
sonicated for 30 min to get a fully dispersed solution. The final solution 
was sonicated via an ultrasonic probe under 20 KHz frequency, 0.6 
pulse, and 100 W output energy (Cole-Parmer, 750 W Ultrasonic Pro
cessor, USA) for another 30 min. The sonicated mixture was then dried 
at 40 ℃ in a convection oven (Mode, Fisher Scientific, Hampton, USA) 
for 24 h. The same procedure was carried out for the fabrication of GO- 
Cu-MOF except for the addition of a copper nitrate solution instead of a 
silver nitrate solution. For synthesizing Ag-MOF and Cu-MOF NPs, the 
same sonication technique was used without the addition of GO into the 
solution. Fig. 1 represents a schematic of Ag-MOF, Cu-MOF, GO sheets, 
GO-Cu-MOF, and GO-Ag-MOF. 

Fig. 1. The molecular schematic of synthesized (a) Ag-MOF, (b) GO sheets, (c) Cu-MOF, (d) GO-Ag-MOF, and (e) GO-Cu-MOF. Black represents carbon, red rep
resents oxygen, white represents hydrogen, purple represents silver atoms, and the cyan color represents copper atoms. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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2.3. Characterization Techniques 

X-ray powder diffraction (XRD) analysis was performed at 298 K 
with Co Kα radiation (Bruker D8, Billerica, USA) at theta-2 mode from 5◦

to 60◦. An X-ray photoelectron spectrometer (XPS) (Kratos Axis 165 
XPS/ Auger, Shimadzu, Japan) equipped with a 100 µm monochromatic 
Al Kα X-ray source was used to evaluate the elemental composition of the 

synthesized MOFs. Brunauer–Emmett–Teller (BET) analysis was per
formed for the assessment of the pore volume and surface area of the 
materials using ASAP 2020 (Micromeritics, USA). Zeta potential of the 
nanoparticles was measured by the Nano ZS Zetasizer (Malvern Pan
alytical, Malvern, UK). A UV–Vis spectrophotometer (Genesys 10 s, 
Thermo Fisher, USA) was used for quantifying the MB concentrations at 
a wavelength of λ = 665 nm. Thermal stability of the MOFs was tested 

Fig. 2. (a) XRD pattern of Cu-MOF, GO-Cu-MOF, Ag-MOF, and GO-Ag-MOF; (b) UV Vis spectrum of Cu-MOF, GO-Cu-MOF, Ag-MOF, GO-Ag-MOF, GO; (c) The C 1 s 
spectrum of Ag-MOF and GO-Ag-MOF; (d) The C 1 s spectrum of Cu-MOF, GO-Cu-MOF; (e) The Ag 3d5/2 spectrum of Ag-MOF and GO-Ag-MOF; (f) The Cu 2p 
spectrum of Cu-MOF and GO-Cu-MOF; The FTIR spectrum of (g) GO (h) Ag-MOF, GO-Ag-MOF, (i) BTC, (j) Cu-MOF, GO-Cu-MOF. 
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using Thermogravimetric and Differential scanning calorimetry (TGA- 
DSC) (Perkin-Elmer, STA 8000) in a temperature range of 30–500 ◦C at 
the heating rate of 10 ◦C/min under nitrogen atmosphere. 

The surface morphology of the nanoparticles was determined using 
scanning electron microscopy (SEM, JEOL FE 7000, JEOL, Tokyo, 
Japan) with gold-coated samples. Energy-dispersive X-ray spectroscopy 
(EDX) (JEOL 7000, JEOL, Tokyo, Japan) was employed for elemental 
composition and map tracking of the synthesized MOF. 

2.4. Adsorption Procedure 

Isothermal adsorption studies were conducted at different tempera
tures (25 and 45 ◦C), initial dye concentrations (0–150 mg/L), and pH 
values (3 – 10), with a constant adsorbent concentration of 0.25 g/L. The 
appropriate amount of dye (adsorbate) solution and synthesized MOF 
(adsorbent) were added in 40 ml flasks and were shaken on a recipro
cating shaker for 24 h at 150 rpm. The temperature of the flasks was 
controlled by a temperature-controlled water bath. These samples are 
then centrifuged to separate the MOFs from the dye solution. The pH of 
the solutions was adjusted using 0.1 M HCl and 0.1 M NaOH. A mini
mum of three replicates of each solution at the varied experimental 
conditions were prepared and tested, and an average value was re
ported. Aliquots for analysis were collected from the solution superna
tant. Dye concentration was analyzed using UV–Vis spectroscopy at a 
wavelength of λ = 665 nm. The adsorption mechanism was analyzed 
using Freundlich, Langmuir, and Temkin models.[32–34]. 

2.5. Regeneration and Reusability 

After the complete adsorption cycle, the exhausted MOFs (MOF 
saturated with MB) were regenerated using 0.01 M NaOH to test the 
feasibility of regenerating (restoring) the exhausted MOF. The MOFs 
were separated from the dye solution using 0.05 µm filter (Whatman 
Schleicher & Schuell). The MOFs were then dispersed in 0.01 M NaOH 
solution and placed in an ultrasonication bath for 15–20 min and 
washed with DI water several times to remove dye and NaOH from the 
solution. The MOFs were then dried overnight in an oven at 40 ◦C for use 
in the next adsorption. The same process was repeated for three 
adsorption–desorption (regeneration) cycles, and the regeneration effi
ciency was calculated based on the dye removal performance. 

3. Result and discussion 

3.1. Structural Characteristics 

Fig. 2a shows the XRD pattern of all fabricated MOFs. In agreement 
with the reported data in the literature the peaks at 2θ = 13.61◦, 15.4◦, 
17.39◦, 18.53◦, 21.81◦, 23.48◦, 25.13◦, 28.21◦, were confirmed for the 
Cu-MOF, which were indexed to the lattice indices of (222), (400), 
(511), (440), (600), (551), (553) and (555).[35,36] The main peaks 
at 200, 220, 222, 400 are generally related to the crystallinity of Cu- 
MOF. The presence of peaks at 222 and 400 in Cu-MOF and GO-Cu- 
MOF corresponds to the successful crystallinity of MOFs. No clear 
peaks were observed at 200 and 220 located at 2θ = 6.88◦, 9.35◦

respectively, which might be due to the different crystalline structures of 
MOF synthesized using the ultrasonication method instead of the sol
vothermal method. GO-Cu-MOF XRD consisted of all the diffraction 
peaks as that in Cu-MOF crystal, suggesting that the crystallinity and the 
structure of Cu-MOF have remained intact even after the interaction 
with GO under sonication. A peak at 2θ = 10◦ and a peak from 2θ = 20◦

to 30◦ with a d-spacing of 0.356 nm showed the presence of GO and 
partially reduced GO. The XRD of GO (Figure S1) after sonication sug
gests that sonication has increased the d-spacing of GO to d = 0.389 nm 
and the peak at 2θ = 10◦ disappeared which is a sign of exfoliation. [37 
38] For the Ag-MOF and GO-Ag-MOF peaks at 2θ = 39.2◦ and 45◦ are 
attributed to the silver nanoparticles face center cubic planes (111) and 

(200). The XRD pattern of Ag-MOF and Cu-MOF were similar to GO-Ag- 
MOF and GO-Cu-MOF, respectively, with no peak at 2theta = 10 that 
suggests Ag-MOF and Cu-MOF were successfully synthesized in the 
presence of exfoliated GO in agreement with that reported in the liter
ature.[39]. 

In order to probe the binding mechanism between MOFs and 
partially rGO, the composite material was further characterized by 
UV − vis spectroscopy (Fig. 2b). rGO sonicated in water exhibited a 
broad absorption peak at 258 nm and a weak shoulder peak at about 
300 nm as shown in SI (Figure S2), which could be assigned to π → π* 
transitions of unoxidized aromatic C–C bonds and n → π* transitions of 
C-O bonds, respectively. [40,41] The UV–vis spectrum of GO-Cu-MOF 
revealed three peaks around 254, 283, and 290 nm, corresponding to 
the electronic transition of aromatic rings, π → π* and n → π* transitions 
of C═O bonds, respectively. The absorption peak of GO at 258 nm was 
shifted to 254 nm for the solution of GO-Cu-MOF, which is likely due to 
the π electrons coupling between the linker in the MOF framework and 
the unoxidized aromatic rings. [42,43] Similar patterns were observed 
for Ag-MOF and GO-Ag-MOF UV–vis, which might suggest that the 
structure of Ag-MOF might be similar to Cu-MOF. The UV–Vis spectrum 
of BTC also showed a typical peak around 254 nm.[44] Ag-MOF and Cu- 
MOF showed the same UV–Vis pattern similar to the BTC spectrum as 
BTC forms their main structure. The GO-Ag-MOF and GO-Cu-MOF 
showed similar peaks as BTC, which indicates that both Ag-MOF and 
Cu-MOF were located on the GO sheet and covered GO surface. 

The XPS spectra of Ag-MOF and GO-Ag-MOF NPs (Fig. 2c) shows the 
non-oxygenated carbon peak (C–C, and C = C) and oxygenated carbon 
peak (C-O, and C = O) in C1s spectra at 284.7 eV (C–C, and C = C), 
285.2 eV (C-O), and 288.7 eV (C = O).[45] Two peaks (Ag-3d5/2 and Ag- 
3d3/2) at 368.2 and 374.3 eV attributed to Ag-O and Ag-O-Ag confirmed 
the existence of Ag-BTC structure in both samples (Fig. 2e).[46] Two 
characteristic peaks around 954 and 932 eV for both Cu-MOF and GO- 
Cu-MOF represent the CuO (2p1/2)[47] and Cu2O (2p3/2) (Fig. 2f).[48] 
In the GO-Cu-MOF sample, the epoxy group peak around 286.9 eV 
indicated the GO presence in the GO-Cu-MOF structure (Fig. 2c).[31] 
The presence of Cu (2p3/2) and Cu (2p1/2) at around 932 and 953 eV for 
both Cu-MOF and GO-Cu-MOF at high-resolution spectra confirms the 
formation of Cu-BTC.[49] Further investigation on the interaction be
tween the rGO and MOF accomplished using the FT-IR spectrum as 
depicted in Fig. 2 g-j. The FTIR of rGO shows a broadband around 
1600 cm−1 attributed to the phenyl C = C ring and sp2 C = C bonds, 
which suggests the recovery of sp2 lattice.[50] The peak for carboxyl 
groups in GO at 1700 cm−1 attributed to C = O stretching, the peak at 
1066 cm−1 is attributed to C-O stretching, the peak at 1288 cm−1 is 
attributed to C-O-C bending, C-OH bending is at 1587 cm−1, and a broad 
peak at 3448 cm−1 is attributed as O–H stretching vibration of the C-OH 
groups and water content in the material. The peaks at 1700, 1066, 1288 
and 1587 suggest the presence of oxygen-containing functional groups 
in GO. The partially rGO spectra observations confirmed that most 
oxygen-containing functional groups in the GO were removed. The peak 
at 1066 disappears but peaks at 1288, 1724 and 3448, although present, 
have reduced intensities suggesting that some residual oxygen- 
functionalities on GO are still present on the partially rGO surface 
(Fig. 2g).[51] Two peaks at 1119 cm−1 and 954 cm−1 correspond to the 
BTC ring and the O–H in- and out-of-plane bending modes for Cu-MOF 
and GO-Cu-MOF, respectively [52] (Fig. 2h). Also, two additional 
peaks between 655 cm−1 and 731 cm−1 represent the BTC C–C ring out- 
of-plane mode. Three peaks at 1698, 1426, and 1390 cm−1 are related to 
the symmetric and asymmetric types of C = O of the carboxylic groups C- 
O and, respectively.[49,53] The peak shifts around 1390, 1426 and 
1698 cm−1 can be justified because of the reaction between the BTC 
COOH group and copper ions during the formation of Cu-BTC. 
[52,54,55] The peak at 520 is related to the bending modes of Cu–O. In 
Fig. 2j, the peaks of C–H, and the C-O group are identified at 
703–899 cm−1, 1160 and 1192 cm−1, respectively. The C = C stretching 
vibrations appeared in peaks around 1399–1474 cm−1. The reaction 
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between carbonyl groups of BTC and silver ions were identified at peaks 
around 1678, and 1603 cm−1.[31]. 

SEM images of GO and Cu-MOF revealed the typical morphology of 
plane sheet and needle-like, respectively, as reported in the literature 

[56,57], while Ag-MOF is observed to have cube-like crystals (Fig. 3). 
The SEM images of both GO-Ag-MOF and GO-Cu-MOF showed that Ag- 
MOF and Cu-MOF were synthesized on the GO sheet while they kept 
their normal cube-like and needle-like morphology. This is in agreement 

Fig. 3. SEM images of (a) GO, (b) Cu-MOF, (c) GO-Ag-MOF, (d) Ag-MOF, and (e) GO-Cu-MOF.  

Fig. 4. EDX mapping of (a) Cu-MOF, (b) Ag-MOF, (c) GO-Cu-MOF, and (d) GO-Ag-MOF.  
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with XRD data of GO-Ag-MOF and GO-Cu-MOF showing the crystallinity 
of both Ag-MOF and Cu-MOF. The SEM images of GO-immobilized 
MOFs agree with the UV–Vis spectrum (Fig. 1 (b)), indicating Ag-MOF 
and Cu-MOF covered GO surface sheet. The uniform distribution of 
the copper and silver MOFs in the GO-Cu-MOF and GO-Ag-MOF was 
confirmed by EDX mapping showing no agglomeration occurred 
through the fabrication process (Fig. 4). 

The porosity and surface area of the fabricated MOFs are presented in 
Table 1. The GO-Ag-MOF showed the highest surface area (as) (114 
m2g−1) and Cu-MOF showed the lowest surface area (57 m2g−1) among 
the fabricated MOFs. The BET isotherms for all the MOFs follow a type 
IV isotherm trend which suggests the presence of mesopores in the 
material as shown in SI (Figure S3). The hysteresis loop of Cu-MOF and 
GO-Cu-MOF were broader compared to Ag-MOF and GO-Ag-MOF, sug
gesting the particle size distribution of Cu-based MOFs was broader and 
more dispersed, whereas both Ag-MOF and GO-Ag-MOF had no hys
teresis loop, indicating the formation of uniform particles. The immo
bilization of both MOFs on the rGO resulted in enhanced surface area for 
both of them due to the addition of GO surface area to the compounds. 
The lower surface area of GO-Cu-MOF in comparison with GO-Ag-MOF 
was due to the lower surface area of Cu-MOF (57 m2g−1) compared to 
Ag-MOF (86 m2g−1). It was observed that by immobilization of MOF on 
rGO the pore size of Cu-MOF and Ag-MOF did not change, indicating the 
successful formation of MOFs on GO or inside GO without affecting the 
crystal structure of MOF. In addition, the surface area of GO (228 m2g−1) 
was reduced after immobilization of MOFs, which is another indication 
for successful synthesis of MOFs covering the surface of GO material. 

Fig. 5 shows the Zeta potential of the fabricated MOFs (adsorbents) 
and MB dye (model adsorbate) at different pH values. Increasing the pH 
from 3 (acidic) to 10 (basic) resulted in increased negative zeta potential 
(surface charge) of MOFs due to the anionic nature of the adsorbents. 
The particles’ surface charge increased in negative by immobilizing GO 
on both Ag-MOF and Cu-MOF, which can be attributed to the intrinsic 
negative surface charge of GO sheets[58]. GO-Ag-MOF showed the 
highest negative surface charge among the MOFs. Due to the cationic 

nature of MB, increasing the pH from 3 to 10 resulted in the reduction of 
MB positive Zeta potential over the pH range. 

TGA analysis was performed to check the thermal stability of MOFs. 
Fig. 6 shows the TGA curves of Cu-MOF, GO-Cu-MOF, Ag-MOF and GO- 
Ag-MOF. Two major weight loss peaks were observed for the Cu-based 
MOFs similar to the literature [59,60]. The first weight loss around 
the temperature of 90–150 ◦C corresponds to the removal of moisture 
and other organic solvents, whereas the second weight loss peak around 
300 ◦C is due to the degradation of organic linkers of BTC and decom
position to CuO [60]. The thermal stability of Cu-BTC was enhanced 
after the introduction of GO, with the decomposition temperature of GO- 
Cu-BTC increased to 350 from 300 ◦C. This temperature enhancement 
might be due to the presence of GO exfoliated sheets which improved the 
stability of the GO-Cu-MOF at higher temperatures [61]. For the Ag- 
based MOFs the slight weight loss around 150–200 ◦C could be due to 
the removal of solvent molecules encapsulated during the synthesis in 
MOF pores. The removal of these solvent molecules from MOFs at 
different temperatures can be attributed to the different porous struc
tures of those MOFs [62]. The considerable weight loss around 350 ◦C 
could be attributed to the decomposition of BTC ligands from the 
framework and the formation of AgO. The introduction of GO increased 
the thermal and moisture stability of the GO-Cu-MOF compared to the 
Cu-MOF. The final degradation step at 350 ◦C for GO-Cu-MOF depicted a 
slower and less steep decomposition curve than Cu-MOF, which 

Table 1 
The BET plot test results of all the fabricated compounds.  

Specimen as, BET (m2g−1) A (cm3g−1) B (nm) 

Cu-MOF 57  0.0704  7.62 
GO-Cu-MOF 79  0.1051  7.75 
Ag-MOF 86  0.0824  5.13 
GO-Ag-MOF 114  0.1060  4.94 
A = total pore volume 

B = mean pore size     

Fig. 5. Zeta Potential measurements of (a) all MOFs (adsorbents) and (b) MB solution at different pH values.  

Fig. 6. Thermogravimetric analysis (TGA) of all MOFs from 30 to 500 ◦C with a 
heating rate of 10 ◦C min−1. 
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indicates enhanced thermal stability of GO-Cu-MOF due to the strong 
interactions between GO and Cu-MOF[63]. GO/rGO was observed to be 
stable in the temperature range of 300–400 ◦C, which might be the 
reason for the increased thermal stability of the GO composite MOF.[64] 
In the case of GO-Ag-MOF the overall lower mass loss (55 %) compared 
to Ag-MOF (68 %) suggests that the strong interaction between GO and 
Ag-MOF has reduced the overall weight loss of the composite MOF thus 
reinforcing the MOF structure [61]. The DSC plots of all the MOFs 
(Figure S5) showed a distinct exothermic peak around 300 to 400 ◦C, 
which corresponds to the decomposition of the BTC ligands in the MOF. 
The exothermic peak shift from 300 ◦C in Cu-MOF to 400 ◦C in GO-Cu- 
MOF further signifies the improved thermal stability in the MOF. The 
endothermic peaks in all the MOFs correspond to the first weight loss 
step in TGA, indicating the dehydration process of the guest molecules 
[65]. 

3.2. Analytical Characterization of MOFs adsorption 

Characterization techniques including FTIR and EdX mapping were 
used on the dye-loaded MOFs (adsorbate-adsorbent complex) after 24 hr 
of adsorption to confirm the presence of MB adsorbed onto the MOF. 
FTIR patterns on the dye-loaded materials confirmed similar peaks to 
that of MOFs before adsorption, but these peaks were slightly displaced 
due to the interaction of MB with the MOF. The FTIR spectra of loaded 
GO-Ag-MOF and GO-Cu-MOF illustrated the same trend. Characteristic 
peaks of all adsorbents are listed in Table 2. EDX map of dye-loaded GO- 
Cu-MOF and GO-Ag-MOF is displayed in Fig. 7. The sulfur map of the 
adsorbents showed the presence of sulfur in both samples. The amount 

of elemental sulfur detected by EDX mapping matched the number of 
sulfur atoms present in the molecular formula of MB, indicating the 
surface adsorption mechanism of MB on GO-MOF NPs. 

3.3. Evaluation of MOFs adsorption mechanism and Kinetics 

The adsorption capacity, mechanisms, and kinetics of fabricated 
MOFs towards MB, as the model of organic compounds in water treat
ment, were examined at different experimental conditions. Various 
isotherm adsorption experiments were conducted at different pH ranges 
from 3 to 10, different temperatures (25 ◦C and 45 ◦C), and different 
initial dye concentrations (10 ppm – 150 ppm). 

3.3.1. Effect of pH on MOFs Adsorption 
The adsorption of MB on all the adsorbents was observed to increase 

with increasing pH (Fig. 8). This trend was attributed to the electrostatic 
interaction between MB and the MOFs as one of the main surface 
adsorption mechanisms[66,67]. The electrostatic interaction between 
MOFs and MB can be justified based on the Zeta potential of MOFs and 
MB as described in Fig. 5. The zeta potential of all MOFs increased in 
negative value with an increase in pH, whereas MB had shown a 
reduction in positive zeta potential over all of the pH range. GO-Ag-MOF 

Table 2 
The characteristic peaks of GO-Cu-MOF, Cu-MOF, GO-Ag-MOF, Ag-MOF, and 
dye loaded Ag-MOF, GO-Ag-MOF, GO-Cu-MOF, Cu-MOF NPs.  

Specimen C = O 
Symmetric 
(cm−1) 

C = O 
Asymmetric 
(cm−1) 

C =

C(cm−1) 
C −

⃛ O 
(cm−1) 

C −OH 
(cm−1) 

Cu-MOF 1698 1426 1612 1390 1251 
Cu-MOF-MB 1701 1428 1607 1385 1265 
GO-Cu-MOF 1695 1425 1609 1387 1246 
GO-Cu-MOF- 

MB 
1706 1422 1615 1383 1265 

Ag-MOF – 1680 1474 – – 
Ag-MOF-MB – 1678 1489 – – 
GO-Ag-MOF – 1682 1471 – – 
GO-Ag-MOF- 

MB 
– 1675 1489 – –   

Fig. 7. EDX mapping of (a) GO-Cu-MOF, (b) GO-Ag-MOF after adsorption. The presence of sulfur on the EDX mapping of MOFs confirmed the adsorption of MB 
(adsorbate) on MOFs (adsorbents). 

Fig. 8. Effect of pH on adsorption of MB on Cu-MOF, GO-Cu-MOF, Ag-MOF, 
and GO-Ag-MOF at the constant temperature of 25 ◦C. MB concentration of 
70 mg/L and adsorbents concentration of 0.25 g/L. 
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showed the highest adsorption capacity for the entire pH range 
compared to all the other adsorbents (Fig. 8). This result was in agree
ment with the measured Zeta potential of GO-Ag-MOF, as GO-Ag-MOF 
had the highest negative Zeta potential among all MOFs. The interac
tion between the methyl groups of MB and BTC carboxylate groups (for 
all samples) might be the reason for this behavior. [68] At pH = 5.6, 
when the pH of the solution is greater than the pHPZC, both the car
boxylic (pKa = 2–4) and phenolic groups (pKa = 8–9) undergo depro
tonation and become negatively charged ligands, thus binding the 
positively charged MB indicating the presence of electrostatic in
teractions) and the presence of these extra-functional groups, such as the 
carbonyl groups of GO in GO-MOFs, increased the number of active 
adsorption sites for dye capturing, thus enhancing the GO-MOF 
adsorption capacities.[25] In addition, hydrogen bonding interactions 
can also occur between the MOFs and MB. Different types of hydrogen 
bonding, including the dipole–dipole hydrogen bonding, which forms 
between the surface hydrogens of hydroxyl groups and the nitrogen 
atoms of MB and Yoshida hydrogen bonding which occurs between the 
hydroxyl groups on MOFs and the aromatic rings of MB, are possible 
interactions for the adsorption (Fig. 9).[69] The dipole–dipole in
teractions can be confirmed by the slight decrease in intensity of peaks 
around 3400 cm−1 which represents the OH groups and the shift in the 
wavenumbers after MB adsorption as shown in SI (Figure S4) and 
Table 2.[69] Another possible interaction contributing to the adsorption 
of MB may be the π -π interaction between the benzene groups of MB and 
GO (Fig. 9)[70]. The n-π interactions of the carbonyl oxygens on the 
adsorbent surface with the aromatic rings of MB acting as electron do
nors and acceptors, respectively, can be the other interaction which is 
confirmed by the peak shifts to lower wavenumbers of C-O and C = O 

after adsorption in the FTIR as shown in Table 2. [50,70] Both GO- 
immobilized-MOFs showed a higher removal capacity in comparison 
to Cu-MOF and Ag- MOFs. This difference can also be attributed to the 
enhanced surface area of GO-immobilized MOF (Table 2). Another 
reason for lower adsorption of dye in acidic pH can be the deterioration 
of MOF and leaching of Cu and Ag from MOF structure at pH < 4 due to 
the lack of chemical stability of MOF.[71]. 

3.3.2. Kinetics analysis of the MOFs isotherm adsorption 
Kinetic experiments were performed to determine the kinetics 

pattern of adsorption between MB and MOFs. More than 90% of 
adsorption was achieved in the first 4 h of contact time between MB and 
all four adsorbents, and an equilibrium state was achieved after 6 h for 
Ag-MOF and GO-Ag-MOF, whereas it took 12 h for Cu-MOF and GO-Cu- 
MOF to reach equilibrium. This different pattern might be due to the 
enhanced surface area and porous structure of Ag-MOF and GO-Ag-MOF 
compared to Cu-MOF or GO-Cu-MOF[71]. The uniform distribution of 
pores in Ag-MOF compared to Cu-MOF might have accelerated mass 
transfer, which resulted in a fast equilibrium for MB. Figure S6 displays 
the adsorption kinetics of MB on the synthesized MOFs. The transient 
concentration of MOFs versus time exhibits an almost similar trend for 
all the MOFs with higher adsorption capacity at the early stage of the 
adsorption process, due to the availability of a higher number of 
adsorption sites, and then approaches to equilibrium value almost in 6 
hr. [72] As explained in Section 3.3.1, the enhanced adsorption capacity 
of both GO-immobilized MOFs in comparison to pure Cu-MOF and Ag- 
MOF may be attributed to the inclusion of GO in the fabrication of 
MOFs, which might lead to an increase in the hydrogen bonding and π-π 
interactions and more available active sites for MB to adsorb to GO. After 

Fig. 9. Schematic showing effective interactions between GO-MOFs and MB during the adsorption process. Black represents carbon, red represents oxygen, white 
represents hydrogen, purple represents silver atoms, cyan represents copper atoms, blue represents nitrogen, and green represents the sulfur atoms. (For interpre
tation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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12 h, there was no considerable change in transient concentration which 
resulted in a lower share of physical adsorption.[73]. 

Pseudo-first-order, pseudo-second order, and intra-particle diffusion 
kinetic models were employed to explore the potential rate-controlling 
phenomenon in the adsorption of MB on MOFs. The equations of the 
pseudo-first order and pseudo-second-order kinetics models are 
expressed in Table 3. The parameters of pseudo-first-order kinetics 
model (K1) and pseudo-second-order kinetics model (K2) were deter
mined from the linearized plots of Ct versus time as shown in Figure S7 
and Fig. 10, respectively. GO-Ag-MOF and Ag-MOF possessed higher 
rate constants compared to the other MOFs correlating it to the larger 
surface area of the silver-based MOFs.[71] Curve fitting of experimental 
data resulted in a pseudo-second-order reaction which suggests the 
dominance of the chemisorption process. The chemisorption mechanism 
was supported by the zeta potential (Fig. 5), FTIR (Table 2) and EDX 

(Fig. 7) analysis as discussed earlier. (Table 3).[74]. 
Generally, the adsorption kinetics follows four consecutive steps. 

First, the adsorbate diffuses to the surface of the water film on the 
adsorbent surface from the bulk solution, and then the adsorbate over
comes the resistance of the liquid film on the adsorbent surface. The 
adsorbate then diffuses from the outer surface of the adsorbent to the 
adsorption site on the inner surface and finally reacts with the active site 
on the adsorbent. The intra-particle diffusion model proposed by Web
ber and Morris[75] quantifies the diffusion mechanism. The equation of 
the intra-particle diffusion model is expressed in Table 4. As shown in 
Table 4 qt is the adsorption capacity in (mg/g), Kd is the intraparticle 
diffusion rate constant, and C is the intercept that correlates to the 
boundary layer thickness. In general, the intercept value (C) is 

Table 3 
Kinetic parameters of MB adsorption onto Ag-MOF, GO-Ag-MOF, GO-Cu-MOF 
and Cu-MOF.  

Specimen pseudo-first order pseudo-second order 
Ct = Co −(Co − Ce) × (1 −

e−k1 t)

Ct = Co −(Co − Ce) × [1 − 1/(1 +

k2t)]

K1 (min−1) R2 K2 (min−1) R2 

Cu-MOF  0.0992  0.7018  0.0037  0.9162 
GO-Cu-MOF  0.0775  0.711  0.0031  0.9258 
Ag-MOF  0.2395  0.8508  0.1743  0.9579 
GO-Ag-MOF  0.2336  0.881  0.1846  0.9707 

K1 and K2 are rate constants, Co is the initial, Ct is transient, and Ce is the 
equilibrium concentrations of MB. 

Fig. 10. Kinetic model fitting on (a) Ag-MOF, (b) GO-Ag-MOF, (c) Cu-MOF, and (d) GO-Cu-MOF at pH = 5.6. Ct is the transient concentration at time t.  

Table 4 
Intra-particle diffusion model parameters of MB adsorption onto Ag-MOF, GO- 
Ag-MOF, GO-Cu-MOF and Cu-MOF.  

Specimen Intra-particle diffusion parameters 
qt = kdt1/2 + C 
Kd1 (mg.g- 

1min−0.5) 
R2 C1 Kd2 (mg.g- 

1min−0.5) 
R2 C2 

Cu-MOF  16.927  0.8332  2.703  2.4762  0.999  −74.14 
GO-Cu- 

MOF  
16.098  0.8581  2.22  2.2256  0.9963  −81.68 

Ag-MOF  22.392  0.9197  1.49  0.9532  0.9988  −300.56 
GO-Ag- 

MOF  
20.664  0.979  1.06  0.8492  0.7152  −343.28 

Kd1 and Kd2 are the intraparticle diffusion rate constants. qt is the transient 
adsorption capacity of MB. 
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proportional to the extent of the boundary layer thickness effect on 
adsorbate transport. [76] The larger the intercept value (C) means, the 
more significant the boundary layer thickness effect (mass transport 
resistance).[77] Fig. 11 shows that the curve fit does not pass through 
the origin, suggesting more than one mechanism controlled the 
adsorption. The first region corresponds to external mass transfer and 
the second region corresponds to intraparticle diffusion. 

The high Kd1 values compared to Kd2 values (Table 4) suggest that 

the rate of external mass transfer diffusion of MB onto the surface of 
MOF is faster than the rate of intraparticle diffusion and, therefore, the 
intraparticle diffusion is the rate-limiting step.[78] The intercept on 
time axis (C1) shows the effect of boundary layer thickness on the 
external transport of MB towards MOFs. As shown in Table 4 the C1 
value is the lowest for GO-Ag-MOF (1.06) followed by Ag-MOF (1.49), 
GO-Cu-MOF (2.22) and Cu-MOF (2.703) suggesting that the mass 
transport resistance effects were more prominent in the Cu-based MOFs 
compared to Ag-based-MOFs thus confirming the superior adsorption 
capacity of Ag-based MOFs compared to Cu-based MOFs. The 
GO–incorporated materials were also observed to have a smaller 
boundary layer effect when compared to their counterparts without GO 
explaining their better adsorption capacity. 

3.3.3. Thermodynamics analysis of MOFs isotherms adsorption process 
Isotherm adsorption experiments were conducted at initial dye 

concentrations ranging from 10 ppm to 150 ppm and at two different 
temperatures of 25 ◦C and 45 ◦C to determine the effect of temperature 
and initial dye concentrations on the adsorption process. In general, the 
adsorption capacity of MOFs increased with increasing temperature 
suggesting that the adsorption of MB on MOFs is endothermic in nature 
that dissociates the water molecule from the surface of MOF.[67] As the 
initial dye concentration of MB solution increased, there was an increase 
in the adsorption capacity owing to a higher concentration gradient 
resulting in better mass transfer between adsorbents and MB (Fig. 12). 
[59] It was also observed that all the MOFs followed a similar trend, that 
GO-Ag-MOF had the highest adsorption capacity followed by Ag-MOF, 
GO-Cu-MOF, and Cu-MOF. The higher adsorption capacity of GO-Ag- 
MOF can be attributed to its higher adsorption surface area (Table 1) 

Fig. 11. Intra-particle diffusion model fitting for Ag-MOF, GO-Ag-MOF, Cu- 
MOF, and GO-Cu-MOF at pH = 5.6. Ct is the transient concentration at time t. 

Fig. 12. Effect of MB initial concentration and temperature on (a) Cu-MOF (b) GO-Cu-MOF, (c) Ag-MOF, and (d) GO-Ag-MOF at pH = 5.6. Qe is dye concentration at 
equilibrium in the solid phase, C0 is transient concentration, and Ce is equilibrium concentrations of MB. 
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and higher surface negative charge (Fig. 5). This further confirms that 
the presence of GO increased the adsorption capacity of our MOFs under 
all conditions tested. 

Thermodynamic parameters including ΔH0, ΔS0 and ΔG0 were 
calculated for the MB adsorption process with all the MOFs as listed in 
Table 5. According to Table 5, ΔH0 for all the MOFs shows a positive 
value indicating endothermic adsorptions. The adsorption process of MB 
with the MOFs can be confirmed to be a spontaneous process from the 
positive values of ΔS0 and negative values of ΔG0. ΔG0 values decreased 
by increasing temperature, which suggests more efficient adsorption at a 
higher temperature. Also, the decrease of ΔG0 by increasing temperature 
indicates more spontaneous reaction at higher temperature. The values 
of ΔH0 and ΔS0 for Ag-MOF and GO-Ag-MOF were higher compared 
with Cu-MOF and GO-Cu-MOF, which implies that more energy was 
required for the adsorption of Cu-based MOFs. This can also be 
confirmed with the inferior removal of MB using Cu-MOF and GO-Cu- 
MOF in comparison with Ag-MOF and GO-Ag-MOF (Fig. 8). The same 
trend was observed for GO-immobilized MOF that the 
ΔH0 and ΔS0 values of them were lower compared to Ag-MOF and Cu- 
MOF, implying that GO-MOFs had better adsorption capacities or dye 
removal capacities.[71]. 

The Temkin, Langmuir, and Freundlich models were fit to experi
mental isothermal data to examine the MOF adsorption behavior 
(Fig. 12 and Table 6). The maximum amount of adsorption (Qmax) 
following the Langmuir model for Cu-MOF, GO-Cu-MOF, Ag-MOF, and 
GO-Ag-MOF at 25 ◦C was 435, 476, 477, and 500 mg/g, respectively. All 
the MOFs adsorption behavior was fitted accurately in the Langmuir 
model, which presents the monolayer adsorption of adsorbates (MB) on 
MOFs. The Qmax for the Langmuir model for Cu-MOF, GO-Cu-MOF, Ag- 
MOF, and GO-Ag-MOF increased from 435 mg/g to 476 mg/g, 477 mg/g 
to 500 mg/g, 476 mg/g to 556 mg/g, and 500 mg/g to 625 mg/g, 
respectively by increasing the temperature from 25 ◦C to 45 ◦C. This 
trend in increased Qmax can be explained based on the fact that dye 
molecules penetration would be facilitated at higher temperatures due 
to the diffusion potential increment.[79]. 

3.4. Regeneration and Reusability 

To evaluate the regenerability of MOF as an adsorbent, desorption 
(re-generability) experiments were performed using NaOH and water as 
eluents, and the effect of three consecutive adsorption–desorption cycles 
for a 12-hour time period was evaluated. There was around 10% 
decrease in adsorption efficiency after the first cycle for all the MOFs, 
but after the second cycle, no significant change in removal efficiency 
was observed. The GO-Ag-MOF showed the highest adsorption even 
after three cycles with a removal efficiency of more than 80% (Fig. 13), 
indicating that it was successfully regenerated for MB. The 10% portion 
of non-regenerated MOFs can be attributed to the chemisorption with 
strong chemical bonding between MB and MOF, which could not be 
regenerated. The removal efficiencies of regenerated MOFs followed the 
same trend as the fresh MOFs showed, with GO-Ag-MOF (85%) having 
the highest removal efficiency followed by Ag-MOF (73%), GO-Cu-MOF 
(54%), and Cu-MOF (49%) even after 3 cycles. 

4. Conclusion 

The Cu-MOF and Ag-MOF were synthesized using the fast and eco- 
friendly ultrasonic technique in the presence of GO resulting in immo
bilization of Cu-MOF and Ag-MOF on or inside the GO sheet and for
mation of GO-Cu-MOF and GO-Ag-MOF. The presence of GO in the in- 

Table 5 
Thermodynamic parameters of MB adsorption onto Ag-MOF, GO-Ag-MOF, GO- 
Cu-MOF and Cu-MOF.  

Specimen ΔH0 (KJmol−1) ΔS0 (JK-1mol−1) ΔG0 (KJmol−1)   
298 K 318 K 

Cu-MOF  22.45  78.01  −0.81  −2.37 
GO-Cu-MOF  19.4  69.23  −1.25  −2.63 
Ag-MOF  4.57  27.2  −3.55  −4.09 
GO-Ag-MOF  0.22  14.34  −4.06  −4.35  

Table 6 
Equilibrium parameters a for adsorption of MB onto Cu-MOF, GO-Cu-MOF, Ag-MOF, and GO-Ag-MOF.  

T 
(oC) 

Langmuir Equation Freundlich Equation Temkin Equation 

Qe =
QmaxKLCe

1 + KLCe 
Qe = KFC1/n

e Qe = BlnKT + BlnCe 

Qmax (mg/g) KL 

(L/mg) 
R2 KF 

(mg(1-1/n)L1/ng−1) 
N R2 B KT (L/mg) R2 

Ag-MOF 
25 476  0.1212  0.99  58.15  1.55  0.94  106.87  1.62  0.94 
45 556  0.1978  0.94  88.87  1.42  0.92  132.13  2.45  0.93 
GO-Ag-MOF 
25 500  0.208  0.99  91.68  1.98  0.97  83.61  4.61  0.91 
45 625  0.421  0.98  128.4  1.41  0.91  143.74  3.85  0.91 
Cu-MOF 
25 435  0.014  0.97  4.15  0.91  0.86  122.85  0.2  0.54 
45 476  0.034  0.94  13.68  1.04  0.94  131.26  0.38  0.77 
GO-Cu-MOF 
25 477  0.017  0.93  5.79  0.94  0.90  128.72  0.23  0.60 
45 500  0.042  0.94  17.23  1.04  0.95  144.11  0.46  0.78  

Fig. 13. Methylene Blue removal efficiency of the recycled MOFs. All MOFs 
were regenerated using NaOH for 12 h and a new cycle of adsorption was 
conducted for 12 h. Error bars represent the standard error of the mean. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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situ synthesis of MOF did not affect the MOFs structure. The GO-Cu-MOF 
and GO-Ag-MOF showed enhanced physicochemical properties, 
including surface charge and surface area in comparison with pristine 
Cu-MOF and Ag-MOF. The practical application of all MOFs for water 
treatment as the adsorbents for dye removal was tested. In general, 
immobilization of Cu-MOF and Ag-MOF on GO sheets resulted in 
enhanced surface properties (surface charge, surface area, thermal sta
bility, active adsorption sites) compared to their equivalent counterparts 
without GO. The GO-Ag-MOF showed the highest adsorption capacity 
among all adsorbents evaluated, exhibiting 98% dye removal. A study of 
the adsorption kinetics addressed the rapid adsorption process for all the 
adsorbents, generally < 4 hr. A multi-factor experimental study in which 
pH and temperature were varied showed that basic conditions 
(pH greater than 4) and high temperatures (45 ℃) were the optimum 
environments for the adsorption of MB to all MOF compounds. All MOFs 
showed only around 10% adsorption efficiency lost after three regen
eration cycles. 
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                                        Figure S1. XRD of GO before sonication and after sonication 

 

 

 
                               Figure S2. UV-Vis of GO before sonication and after sonication 

 
 



 

 

 

The atomic concentrations of the GO-Cu-MOF, GO, Cu-MOF, Ag-MOF, and GO-Ag-MOF 
were tabulated in Table S1. 

 
Table S1. The Elemental Composition of GO-Cu-MOF, Cu-MOF, Ag-MOF, and GO-Ag-MOF extracted 
from high-resolution XPS spectra. 

Specimen 
Carbon Oxygen Copper Silver 

Wt.%  Atomic% Wt.% Atomic% Wt.% Atomic% Wt.% Atomic% 
GO 61.53 68.08 38.47 31.94 - - - - 

 Cu-MOF  71.65 60.38 26.01 29.2 2.34 10.34 - - 
GO-Cu-

MOF 
63.05 72.30 26.30 30.55 1.4 6.4 - - 

Ag-MOF 69.1 58.83 28.29 31.23 - - 2.61 8.95 
GO-Ag-
MOF 

57.4 63.51 40.63 31.06 - - 1.97 5.43 

 

 

 
                       Figure S3. BET isotherms of GO, Ag-MOF, GO-Ag-MOF, Cu-MOF and GO-Cu-MOF 

 



 

 

 

 
Figure S4. FTIR spectra of loaded dye samples (a) Cu-MOF, GO-Cu-MOF and (b) Ag-MOF, GO-Ag-
MOF 

 
Figure S5. Kinetic experiments on Cu-MOF, GO-Cu-MOF, Ag-MOF, GO-Ag-MOF and GO are carried 
out for 24 hrs. The initial concentration of dye was 70 ppm. Ct is the transient concentration at time t. 

 



 

Figure S6. Psuedo first order model fitting on Cu-MOF, GO-Cu-MOF, Ag-MOF, GO-Ag-MOF 
and GO are carried out for 24 hrs. The initial concentration of dye was 70 ppm. Ct is the transient 
concentration at time t. 
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