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Abstract
Adsorption coupled with photocatalytic degradation is proposed to fulfill the removal and thorough elimination of organic 
dyes. Herein, we report a facile hydrothermal synthesis of MIL-100(Fe)/GO photocatalysts. The adsorption and pho-
tocatalytic degradation process of methylene blue (MB) on MIL‐100(Fe)/GO composites were systematically studied 
from performance and kinetic perspectives. A possible adsorption‐photocatalytic degradation mechanism is proposed. The 
optimized 1M8G composite achieves 95% MB removal (60.8 mg/g) in 210 min and displays well recyclability over ten 
cycles. The obtained MB adsorption and degradation results are well fitted onto Langmuir isotherm and pseudo‐second 
order kinetic model. This study shed light on the design of MOFs based composites for water treatment.
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1  Introduction

With the rapid developments of chemical industry, the 
resulting substantial effluents have been discharged into 
environment, which bring serious disasters to humans 
(Zahra et al. 2020). It has been reported an ultimate water 
crisis will occur in the following decades, if measures are 
not taken to handle the massive loads of effluents with poi-
sonous pollutants (Sol et al. 2020). Methylene blue (MB) is 
a prevalent organic dye in printing, cosmetics and leather 
tanning, which has low biodegradability (Ren et al. 2022). 
Efficiently removing MB from water is an important issue 
and has aroused extensive attention in academic field dur-
ing the past few years. Variety of physicochemical tech-
niques have been explored to eliminate organic dyes from 
waste liquid, such as precipitation (Sabboh et al. 2006), 
adsorption (Petit and Bandosz 2011), ion exchange (Hor-
cajada et al. 2006), photocatalysis (Soltani et al. 2022) and 
electrochemical (Zhang et al. 2020). Among the above 
methods, adsorption has been an excellent unit operation 
to be widely applied in industrial production owing to its 
low cost, convenient operation and low sensitivity to toxi-
cants. Nevertheless, re-desorption of pollutants is usually 
accompanied with adsorption treatment. Photocatalytic 
degradation (PCD) method is capable of complete removal 
of pollutants and intermediates, which requires the reac-
tion system is optically transparent or has a certain degree 
of light transmission. Based on this prerequisite, PCD usu-
ally fails to treat dye effluents with high concentration. In 
this case, adsorption followed by photocatalysis is a prom-
ising route to fulfill pollutant removal in a wide range of 
concentration, which has attracted increasing attentions in 
both academic and industrial field (Du et al. 2022; Zhang 
et al. 2022). MB has been widely used as a model dye con-
taminant for assessing the adsorption and photocatalyst 
activity.

In progress to exploit superior dye removal perfor-
mance, porous structured adsorbents like carbon-based 
material, zeolites, and metal-organic frameworks (MOFs) 
have been extensively studied (Xu et al. 2021; Tang et 
al. 2023). MOFs are a class of organic-inorganic hybrid 
materials formed by the ligand self-assembly of metal 
ions and organic ligands, which show extensive poten-
tial applications in catalysis, adsorption, gas storage 
and drug delivery (Horcajada et al. 2006). Nevertheless, 
MOFs-based materials display a variety of shortcom-
ings, including poor stability, limited solar conversion 
efficiency and complicated separation and recycling pro-
cesses during adsorption and photocatalytic degradation. 
Of note, although some MOFs are visible light respon-
sive, the poor separation and migration of photo-induced 
charge carriers significantly restrict its application. 

Doping, cocatalyst loading, surface modification and 
hybrid construction have been widely used to enhance 
the efficiency of MOFs‐based photocatalysts by sup-
pressing the recombination of charge carriers (Shuquan 
et al. 2015). Graphene oxide (GO) with two-dimensional 
layered structure have been utilized to construct hybrid 
photocatalysts, favoring the electron transfer and thus, 
inhibiting the recombination of charge carriers. Yang 
and co-workers have synthesized MIL-53(Fe)-graphene 
composites for selective oxidation of alcohols (Yang et 
al. 2016). GO/NH2‐MIL‐125(Ti) has been fabricated and 
utilized for gaseous pollutants removal, which show high 
efficiency than bare NH2‐MIL‐125(Ti) (Li et al. 2018). 
The introduction of GO into MOFs is believed to enhance 
its mechanical strength and electron‐hole transfer. It is 
conceivable MOFs/GO composites serve as a promising 
candidate to mitigate the drawbacks reported for adsor-
bent and photocatalyst.

In virtue of facile synthesis, environment friendly and 
easy to scale up, MIL-100(Fe) is chosen to couple with 
GO to fulfill adsorption and photocatalytic degradation 
of MB. The performance of MIL-100(Fe)/GO composites 
in adsorption and adsorption‐PCD process are systemati-
cally studied. Various structure and optoelectronic charac-
terization techniques have been applied to systematically 
investigate the physicochemical properties of as‐prepared 
composites. The adsorption isotherm and kinetic experi-
ment are thoroughly studied for the adsorption and adsorp-
tion‐PCD process.

2  Experimental section

2.1  Preparation of catalysts

9.2 g iron nitrate Fe(NO3)3·9H2O, 3.2 g 1,3,5-benzenetri-
carboxylic acid H3BTC, 106 mL distilled water and 1 mL 
nitric acid HNO3 were mixed under 30 min stirring in a bea-
ker, which were transferred into a Teflon-lined autoclave at 
120°C for 24 h. After washed 3 h with hot water and etha-
nol, the obtained materials were filtered and dried at 120°C 
for 12 h, which named as MIL‐100(Fe).

MIL-100(Fe)/GO composites were fabricated by a 
hydrothermal method similar to MIL‐100(Fe). In a typical 
synthesis of 1M1G, 53 mL GO sel (10 mg/mL) were added 
dropwise into the aforementioned MIL‐100(Fe) solution 
under mild stirring, which were further transferred into a 
Teflon‐sealed autoclave at 120°C for 12 h. The subsequent 
filtration and wash procedures were analogous to MIL-
100(Fe). Similarly, 212 mL, 424 mL and 848 mL GO sel 
were added. The resulting products were marked as 1M4G, 
1M8G and 1M16G, respectively.
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2.2  Characterizations

Bruker D8 diffractometer was applied to collect X-ray dif-
fraction (XRD) pattern of as-prepared composites. Raman 
studies employed a Bruker‐RFS27. Nicolet 6700 was uti-
lized to determine the Fourier transform infrared spectros-
copy (FTIR). Mettler‐Toledo device was used for thermo 
gravimetric analysis (TGA) at a ramp rate of 10°C /min up 
to 900°C under argon flow. N2 physisorption was conducted 
on ASAP‐2020. Scanning electron microscopy (SEM) and 
Transmission electron microscopy (TEM) were performed 
on Regulus 8230 and FEI F200A. Hitachi U-4100 was 
applied to obtain UV‐visible diffuse reflectance spectra 
(UV‐vis DRS). Hitachi F-4500 was used to obtain pho-
toluminescence spectra (PL). The transient photocurrent 
response was performed on CHI 760E electrochemical 
workplace. Na2SO4 (1  M) electrolyte solution and three‐
electrode system (glassy carbon electrode, platinum gauze 
electrode and Ag/AgCl electrode) were used under 300 W 
Xe lamp illumination (AM1.5). Auto Chem II 2920 was 
utilized to measure Ammonia-Temperature programmed 
desorption (NH3‐TPD). Thermo 250Xi was applied for X‐
ray photoelectron spectroscopy (XPS) measurements.

2.3  MB removal experiments

Adsorption and PCD experiments of MB were performed 
in a double glass reactor at room temperature by circulating 
cooling water. UV-3450 spectrophotometer was utilized to 
measure the MB concentration. For adsorption experiment, 
0.1 L MB solution containing 0.1 g samples was stirred in 
dark at 700 rpm. For adsorption-PCD experiment, 0.1 L MB 
solution containing 0.1  g samples was stirred in dark for 
30 min to reach adsorption-desorption equilibrium, and then 
exposed to simulated solar light using Xe lamp (300 W, AM 
1.5). The average irradiation intensity of Xe lamp is 440 
mW/cm2.

3  Results and discussion

3.1  Characterization of as-prepared composites

XRD patterns were recorded to determine the phase compo-
sition and crystallinity of as-prepared samples, as shown in 
Fig. 1a. The diffraction peaks of MIL‐100(Fe) match well 
with the MIL‐100(Fe) standard database (CCDC640536), 
demonstrating the MIL‐100(Fe) has been successfully syn-
thesized. The XRD, SEM, and TEM characterization of 
pristine GO are given in supporting information. A strong 
diffraction peak in XRD pattern at 2θ = 15.5° is attributed 
to the (110) crystal plane of GO (Figure S1). SEM and 

TEM images indicate GO exhibit sheet morphology with 
certain wrinkles (Figure S2 and S3). The main XRD dif-
fraction peaks from MIL‐100(Fe) are preserved after GO 
incorporation, but with weak intensity and wide peak width. 
This phenomenon is more pronounced with further incre-
ment in GO incorporation, which is also reported by other 
groups (Petit and Bandosz 2011). It is convincible the pres-
ence of GO induce certain distortion in the cubic symmetry 
structure of MIL‐100(Fe) (Hafizovic et al. 2007), resulting 
in weak crystallinity. The GO induced poor crystallinity in 
MIL‐100(Fe)/GO composites is believed to facilitate the 
charge carrier transfer, and thus enhance the photocatalytic 
performance. No distinct diffraction peaks derived from GO 
are detected, manifesting the high dispersion and exfolia-
tion of GO in MIL‐100(Fe)/GO composites. The iron load-
ing of MIL-100(Fe), 1M1G, 1M4G, 1M8G and 1M16G are 
13.0%, 13.6%, 13.9%, 13.7% and 14.2%, respectively.

To further verify the presence of GO, Raman spectra of 
MIL-100(Fe)/GO composites were collected. As given in 
Fig. 1b, two peaks around 1335 and 1600 cm− 1 are observed 
in MIL‐100(Fe)/GO composites, labeled as D and G bands. 
D band reflects the structural disorder/defect of graphene, 
whereas G band represents the sp2 hybridized carbon atoms 
(C = C stretching), hence confirming the presence of GO in 
composites (Li et al. 2018). Compared with MIL‐100(Fe)/
GO composites, the D and G bands in MIL‐100(Fe) become 
sharp and narrow. This is owing to the vibration of carbox-
ylate and C = C bond originated from the benzene ring in 
MIL‐100(Fe). Besides, the bands at 210, 288, 492, 1474 and 
1540 cm− 1 are characteristic of vibrational modes directly 
involving Fe(III) and Fe(II) species in MIL‐100(Fe) (Petit 
and Bandosz 2011). The peak at 813  cm− 1 can be attrib-
uted to the ‐COO‐ functional group bound to benzene ring, 
whereas the in-plane vibrations of H3BTC are demonstrated 
by the peaks located at 726, 1000 and 1231 cm− 1 (Petit and 
Bandosz 2011). Interestingly, partial Raman bands derived 
from MIL‐100(Fe) tend to weak and even disappear with 
the increment of GO incorporation, which can be attributed 
to the MIL‐100(Fe) is sheltered by GO. This phenomenon 
implies the MIL‐100(Fe) nanoparticles are well dispersed 
on GO layers. The Raman results also demonstrate that GO 
and Fe‐O coordination structure are existed in MIL‐100(Fe)/
GO composites.

To elucidate the structure and functional groups of as-
prepared samples, FTIR spectra were obtained (Fig. 1c. The 
as‐prepared samples exhibit similar structural vibrations, 
since they are consisted of trivalent metal centers and car-
boxylate bridging ligands. The bands located at 499 cm− 1 
and in the range of 631–770  cm− 1 are ascribed to Fe‐O 
and Fe‐OH stretching modes of MIL‐100(Fe) (Hailin et al. 
2019), indicating the iron metal interact with the oxygen 
atom from carboxyl group in H3BTC. The bands appeared 
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composites. It is conceivable the MIL‐100(Fe) and GO are 
intimately integrated.

The N2 adsorption-desorption isotherms, BET surface 
area and pore characteristics of as-prepared composites are 
given in Fig. 2 and Table 1. The MIL‐100(Fe) and 1M4G 
show IUPAC type I adsorption curves, suggesting the pres-
ence of abundant micropores. 1M1G and 1M8G show type 
IV adsorption curves in the high P/P0 region, which rep-
resents the existence of meso‐/macrospores. The hysteresis 
loop tend to be obvious with the increase of GO incorpo-
ration. The 1M16G presents a type IV isotherm with an 

at 948, 1039, 1112, 1370, 1408, 1464, 1581, and 1605 cm− 1 
originate from the carboxylate groups vibrations, which 
are in agreement with the literatures (Aslam et al. 2017). 
The presence of above‐mentioned characteristic bands 
provides clear evidence of the successful fabrication of 
MIL‐100(Fe). A shoulder at 1712  cm− 1 indicates a small 
portion of carboxylate groups are protonated. The troughs 
at 2000–3500 cm− 1 stem from the stretching vibrations of 
water molecules. After GO incorporation, the characteristic 
bands of MIL‐100(Fe) are preserved but with weak inten-
sity and slight shift. MIL‐100(Fe) and GO have been suc-
cessfully composited, which are in agreement with the XRD 
and Raman results.

To further verify the successful fabrication of MIL-
100(Fe)/GO as well as thermal stability, TGA plots of as-
prepared composites are shown in Fig. 1d. The composites 
display good thermal stability up to about 600°C. A certain 
weight loss (50% weight loss) appears below 600°C, which 
is assigned to the desorption of water and solvent molecules 
inside MIL‐100(Fe) frameworks (Monika et al. 2018). 
The water molecules derived from hydrothermal synthesis 
induce more ligand defect sites in MOFs. A sharp weight 
loss of 20% is found in the temperature range of 600–
800°C, manifesting the collapse of MIL-100(Fe) structure 
owing the decomposition of H3BTC linker. The tempera-
ture of framework collapse in different samples increases 
with increasing GO content, indicating the combination of 
GO with MOFs effectively improve the thermal stability of 

Fig. 2  N2 adsorption-desorption isotherms (at 77 K) of MIL‐100(Fe) 
and MIL‐100(Fe)/GO composites

 

Fig. 1  a XRD patterns b Raman 
spectra c FTIR spectra and d 
TGA profile of the as-prepared 
composites
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high external specific surface area is achieved, which is key 
to enhance the adsorption ability and photocatalytic activity. 
It is believed the high surface area and porous structure of 
MIL‐100(Fe)/GO composites allow easy entry of reactants.

As seen in Fig. 3a, MIL-100(Fe) present a well‐defined 
octahedral morphology with certain amorphous structure. 
After GO incorporation, the MIL‐100(Fe) nanoparticles 
tend to attach on GO sheet layer with uniform dispersion, 
which exhibit a rough surface and smaller particle size. 
The small crystalline size of MIL‐100(Fe)/GO is also con-
firmed by the weak and broad diffraction peaks in XRD 

apparent hysteresis loop, which is derived from the capil-
lary condensation occurred in mesoporous structure. Look 
carefully at the curves, a rapid upstroke of N2 adsorption 
at low relative pressure (P/P0 < 0.05) is presented, which is 
associated with the microporous structure. These isotherms 
indicate the as-prepared composites display hierarchical 
pore structure, which is advantageous for their adsorption 
capacity and subsequent photocatalytic activity.

As given in Table 1, MIL-100(Fe) shows superior tex-
tural properties (specific surface area of 1316 m2/g, total 
pore volume of 0.63 cm3/g, average pore size of 33.4 nm). 
With the increment of GO incorporation, the specific sur-
face area and pore volume of samples gradually decrease, 
which are related to GO may block some micropores in 
MIL‐100(Fe) (Li et al. 2018). The 1M8G presents a spe-
cific surface area of 1031 m2/g, total pore volume of 0.53 
cm3/g, and average pore size of 42.3 nm. It is found the pore 
structure of adsorbent determines the type and adsorption 
capacity of organic pollutants. Importantly, the pore sizes 
of as-prepared composites should be in accordance with the 
targeted molecule (Jiang et al. 2021). In the case of 1M8G, a 

Table 1  Textural properties of as-prepared samples
Catalyst SBET 

(m2/g)
Sext 
(m2/g)

Average 
pore size 
(nm)

Total 
pore 
volume 
(cm3/g)

MIL-100(Fe) 1316 277 33.4 0.63
1M1G 1274 321 46.1 0.61
1M4G 1207 336 33.8 0.59
1M8G 1031 406 42.3 0.53
1M16G 982 296 37.8 0.53

Fig. 3  SEM images of a MIL-
100(Fe), b 1M1G, c 1M4G, d 
1M8G and e 1M16G
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UV-vis DRS was used to analyze the optical characteris-
tics of as-prepared samples. As given in Fig. 5a, MIL‐100(Fe) 
and MIL‐100(Fe)/GO composites show strong adsorption in 
ultraviolet and visible light range between 200 and 800 nm. 
The adsorption band in the region of 200–800 nm probably 
originates from the d‐d spin‐allowed transition of central 
Fe(III) ions, in accordance with previous reports (Liu et 
al. 2018). The adsorption edges at around 380  nm corre-
spond to the adsorption of MIL‐100(Fe) in UV range, which 
is related to the excitation of Fe‐O clusters (Aslam et al. 
2017). The efficient adsorption in ultraviolet and visible 
light confirms the samples are highly photosensitive. The 
addition of GO give rise to an increased light adsorption 
intensity in visible light region, which is further confirmed 
by PL and transient photocurrent response results. Based 
on the adsorption spectra, plotting (αhυ)1/2 to hυ and then 
extrapolating the adsorption edge onto energy axis can give 
the band gap energy (Eg) of samples (Figure S6). The Eg of 
MIL‐100(Fe), 1M1G, 1M4G, 1M8G and 1M16G are 2.94, 
2.91, 2.58, 2.35 and 2.61 eV, respectively. The smallest Eg 
of 1M8G suggests higher probability of generating charge 
carriers and potentially higher photocatalytic activity.

Photoluminescence (PL) spectra of the samples were 
applied to investigate the photo-generated carriers recom-
bination probability. Under the excitation wavelength 
of 560 nm at room temperature, as shown in Fig. 5b, the 
main emission peak of samples appears at 613 nm, which is 
attributed to the H3BTC in MIL‐100(Fe) structure (Ou et al. 
2020). The PL intensity of samples followed the order: MIL‐
100(Fe) > 1M1G > 1M4G > 1M16G > 1M8G. The lower PL 
intensity in 1M8G composites manifests the longer lifetime 

patterns. This is due to GO with abundant oxygen‐contain-
ing groups can interact with the central metal ion Fe(III) in 
MIL‐100(Fe), affecting the formation and growth of crystal 
nucleus. Further increasing GO content leads to the emer-
gence of more GO sheet in MIL‐100(Fe)/GO composites. 
TEM images of 1M8G are given in Figure S4, which illus-
trate the MIL‐100(Fe) are well dispersed on GO with close 
vicinity.

To understand the specific interaction between MIL-
100(Fe) and GO at the molecular level, we have conducted 
the density functional theory (DFT) calculation. All calcula-
tions were performed within DFT framework by CASTEP 
code. Representative clusters of GO with hydroxyl and 
epoxy functional groups are denoted as GO-OH and GO-O, 
respectively. The optimized structure of MIL-100(Fe) and 
GO are shown in Figure S5. The binding energy between 
GO-O and MIL-100(Fe) is − 0.53 eV, while that of GO-OH 
and MIL-100(Fe) is − 2.11 eV (Fig. 4). It has been widely 
acknowledged the adsorption energy between − 0.1 eV and 
− 1  eV is physical adsorption, and that between − 0.5  eV 
and − 10 eV is chemical adsorption (Zhou et al. 2012; Dong 
et al. 2017). Therefore, it is reasonable the main interac-
tion between GO and MIL-100(Fe) is chemical adsorption. 
Meanwhile, it can be seen from the bonding and electron 
transfer that the interaction between MIL-100(Fe) and GO 
can be attributed to chemical adsorption.

Based on the results discussed above, it is believed the 
intimate binding between GO and MIL-100(Fe) can not 
only enhance mechanical strength and stability of as‐pre-
pared composites, but also facilitate the transportation of 
photoinduced electrons and holes (Liu et al. 2018).

Fig. 4  Structure and electron 
density difference between 
a, b GO-O, c, d GO-OH and 
MIL(100)-Fe (blue and yel-
low areas indicate the loss and 
accumulation of electrons, 
respectively)
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of NH3 desorbed in 250–400°C represents medium acidic 
sites and the amount of NH3 desorbed below 250°C rep-
resents weak acidic sites (Zhu et al. 2016). Based on the 
location and area of desorption peaks in Fig. 5d, it can be 
concluded MIL‐100(Fe) has a larger quantity of acid sites 
and stronger acid sites compared with others. The NH3‐TPD 
results also demonstrate the inherently strong adsorption 
properties of MIL‐100(Fe). However, GO incorporation 
partially reduce the number of acidic sites, probably due to 
GO overlap the acid sites on MIL‐100(Fe), corresponding to 
the decrement of specific surface area.

Figure  6 shows the XPS spectra of 1M8G. As shown 
in Fig.  6a, 1M8G exhibits various peaks at 726.07  eV, 
532.66 eV, and 284.33 eV, corresponding to Fe 2p, O 1s, and 
C 1s. Fe 2p spectrum is fitted into two well-defined Fe 2p3/2 
and Fe 2p1/2 peaks in Fig. 6b at 712.81 eV and 725.75 eV, 
with the separation (2p1/2−2p3/2) of 12.94 eV, which is char-
acteristic of Fe‐O clusters in MIL-100(Fe) (Li et al. 2018). 
The satellite peak at 717.70 eV is originated from Fe(III) 
(Ahmad et al. 2019). Moreover, the peak at 711.29  eV is 
attributed to Fe(II) (Ahmad et al. 2019). Figure 6c shows 
the C 1s spectra of 1M8G. The peaks at 284.80, 286.49 and 
288.80  eV are assigned to C‐C/C = C, C‐O and O‐C = O, 
respectively. As can be seen from the O 1s spectra of 1M8G 
in Fig. 6d, two well‐defined peaks located at 533.80 eV and 
531.86 eV are attributed to Fe‐O and C‐O/C = O (Tian et al. 
2019). Based on XPS results, the successful integration of 
MIL‐100(Fe) and GO are validated. The existence of Fe‐O 

of photogenerated carriers, and thus higher photocatalytic 
activity is achieved. It is conceivable the intimate interfacial 
contact between MIL‐100(Fe) and GO favors the separation 
and migration of photoinduced carriers, which can provide 
sufficient charge transfer and trapping channels (Yang et al. 
2016). Besides, GO can serve as an acceptor for charge car-
riers (Petit and Bandosz 2011). The facilitated separation of 
long‐lived carriers renders the MIL‐100(Fe)/GO compos-
ites efficient for photocatalytic applications.

Figure 5c reveals the transient photocurrent response of 
as-prepared composites. The photocurrents display a regu-
lar rise and fall along with light switching, corresponding 
to the holes accumulation and recombination at the semi-
conductor-liquid junction (Li et al. 2015). It is evident the 
photocurrent intensity of MIL‐100(Fe) is lower than that of 
MIL-100(Fe)/GO composites, suggesting the composites 
have higher charge carrier separation and migration effi-
ciency, which can be ascribed to the synergistic effect of 
MIL‐100(Fe) and GO. Specially, GO serves as an electron 
acceptor to facilitate carrier separation and transfer, which is 
in line with the conclusion drawn by PL analysis.

NH3-TPD experiment has been performed to examine 
the surface acidic sites distribution. As shown in Fig.  5d, 
the samples exhibit three main NH3 desorption peaks, which 
are caused by physical and chemical adsorption. The tem-
perature required for NH3 desorption directly correlates to 
the acid strength of samples. The amounts of NH3 desorbed 
above 400°C reflects strong acidic sites, whereas the amount 

Fig. 5  a UV-Vis b PL spectra c 
Transient photocurrent response 
in sodium sulphate electrolyte 
(pH = 7.0, 1 M) under Xe lamp 
illumination (AM1.5), and d 
NH3‐TPD patterns of the MIL‐
100(Fe) and MIL‐100(Fe)/GO 
composites
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for MB (Yang et al. 2016). Furthermore, the incorpora-
tion of GO into MOFs makes the MIL‐100(Fe) well dis-
persed, inducing more active sites for MB adsorption, as 
confirmed by SEM. Further increasing GO content, the 
removal capacity of MB declines to 68%. It is believed 
the degree of adsorption rely on the porosity and surface 
area of adsorbent. Excessive GO can cover the MIL‐
100(Fe) surface, leading to a decrement of surface area 
and pore volume, and thus, affecting the adsorption and 
mass transfer capacities of MIL-100(Fe)/GO composites. 
Moreover, the adsorption capacity strongly rely on the 
micropores of MOFs, as previously reported by Hu et al. 
(Hu et al. 2015).

In view of the outstanding adsorption performance of 
1M8G, adsorption tests (marked as dark) with different 
MB concentration (100–400 µmol/L) have been conducted 
and the outcomes are displayed in Fig. 7b. The adsorption 
capacity of 1M8G on MB slightly increases and gradually 
flattens out with the prolonged adsorption time. When the 
adsorption time reaches to 210 min, the equilibrium adsorp-
tion is achieved regardless of initial MB concentration of 
100, 200 or 400 µmol/L. When the initial concentration 
of MB increases from 100 µmol/L to 200 µmol/L and 400 
µmol/L, the adsorption efficiency of 1M8G decreases sig-
nificantly from 98 to 81% and 45% respectively. This can 
be explained by the lack of active sites in composites in 
comparison with the excess MB. Meanwhile, the adsorption 
saturation is proportional to the initial concentration of MB, 

clusters within MOF structure is illustrated, agreeing well 
with Raman and FTIR results.

3.2  Performance study

The effective capture of organic pollutants is a significant 
prerequisite for photocatalytic degradation. As shown 
in Fig.  7a, the adsorption curve of as-prepared samples 
demonstrate a rapid increasing stage before 5  min with 
a removal of MB of 50%–70%, and then a slow adsorp-
tion stage is observed within 5–30 min. The initial rapid 
adsorption of MB is due to the availability of sufficient 
vacant adsorption sites, which enable the dye molecules 
to interact readily at the adsorbent surface. Compared 
with MIL‐100(Fe), GO incorporation enhances the 
adsorption ability for MB. GO content has a significant 
effect on the adsorption performance. As the GO con-
tent increases, the MB removal efficiency increase and 
reach a peak value with 1M8G. Approximate 85% MB is 
adsorbed in the 1M8G composites at 30 min. According to 
XRD results, GO incorporation reduces the crystallinity 
of MIL‐100(Fe) to some extent. The weak crystallinity of 
MIL-100(Fe)/GO composite is conducive to the enhance-
ment of adsorption capacity. Meanwhile, the increment of 
GO dosage is equivalent to an increase in the number of 
functional groups (epoxy, hydroxyl, and carboxyl groups) 
involved in adsorption. The oxygen-containing functional 
groups in GO have been considered as adsorption sites 

Fig. 6  a Survey, b Fe 2p, c C 1s, 
and d O 1s spectra of 1M8G
 

1 3

   42   Page 8 of 15



Photocatalytic degradation of methylene blue over MIL-100(Fe)/GO composites: a performance and kinetic…

can be attributed to their different structures, sizes and elec-
tric charges that led to different degree of adsorption and 
degradation on the surface of catalyst (Ghosh et al. 2020).

Regeneration study is crucial for adsorbent and photo-
catalyst considering the cost issue. The recyclability and 
stability of 1M8G were tested by performing ten cycles. 
After each cycle, the sample was recovered by centrifu-
gation and washed with 50 mL N,N-dimethylformamide 
(DMF) to fully remove the dye. Subsequently, the sample 
was solvent-exchanged with water to remove the DMF from 
the structure and dried in an oven at 80°C for 12 h for next 
cycle. During the regeneration process, the weight of sam-
ple remains basically unchanged. The sample recovery ratio 
obtained after each cycle is above 95%. Figure 8 shows the 
degradation efficiency maintain > 90% within 210  min in 
every repetition. After ten cycles, the removal efficiency of 
MB slightly reduce to 90%. The slight reduction in the MB 
removal after each cycle can be ascribed to the accessibility 
of light is impeded and reduced porosity of catalyst.

In contrast, the degradation efficiency of MIL-100(Fe) 
significantly decreases to 23% after ten cycles (Figure 
S8), which can be attributed to the aggregation of NPs and 
weak water stability, as confirmed by the SEM (Figure S9) 
and static water contact angle (CA) results (Figure S10). 
Based on the results discussed above, it is believed the inti-
mate binding between GO and MIL-100(Fe) can not only 
enhance mechanical strength and stability of as‐prepared 
composites, but also facilitate the transportation of photoin-
duced electrons and holes. Of note, the presented regenera-
tion methods of MOFs/GO adsorbents are still rigorous and 
time-consuming. Researches are needed to identify cost-
effective and better physico-chemical methods for regener-
ating the spent adsorbent.

3.3  Adsorption isotherms

For heterogeneous catalysis, adsorption is the prerequisite 
to improve the catalytic performance. The adsorption and 
desorption between reactants, intermediates and photocata-
lyst surface is a key factor affecting activity and selectiv-
ity. Hence, the cognition of adsorption configuration play 

which also responsible for the low adsorption efficiency at 
high initial concentrations.

Taking the low adsorption efficiency of 1M8G under 
high MB concentration into account, photocatalytic degra-
dation is applied to achieve highly efficient removal of MB. 
Figure 7b shows the adsorption-PCD performance (marked 
as light). After 30  min adsorption, stimulated solar light 
irradiation was introduced into the system. As can be seen, 
high removal of MB occur with the reaction time prolongs. 
For low concentration MB aqueous solution (100 µmol/L), 
the light irradiation slightly affect the MB removal, which 
has significant influence on the MB removal under high MB 
concentrations. Notably, for 1M8G composite, which dis-
play weak adsorption ability under high concentration MB, 
95% removal of MB (200 µmol/L) is achieved in 210 min 
by the combination of adsorption and photocatalysis. The 
1M8G sample achieves 60.8 mg/g MB removal efficiency 
under sunlight, which is higher than the previous studies, 
as shown in Table S1. It can be seen most studies of MB 
removal involves the utilization of H2O2, UV light and 
low initial MB concentration. In this sense, the developed 
MOFs/GO composites can act as a potential material in the 
application for organic dye removal, especially in high con-
centration. Even if the initial MB concentration is as high 
as 400 µmol/L, the adsorption-PCD method arouse a ca. 
20% enhancement of MB removal compared with adsorp-
tion route, which shows ca. 60% MB removal efficiency. 
For adsorption‐PCD method, the MB removal efficiency 
also decrease with the increment of initial MB concen-
tration. This can be ascribed to the excess dye molecules 
around active sites inhibit the penetration of light to catalyst 
surface, leading to a decrement of photogenerated charge 
carriers.

The adsorption-PCD tests of methyl orange, rhoda-
mine B, and congo red with an initial concentration of 200 
µmol/L on 1M8G have been conducted. As given in Figure 
S7, congo red has the highest removal efficiency of 100% 
within 210  min, while methyl orange and rhodamine B 
show removal efficiency of 55.7% and 36.6%, respectively. 
It is obvious the as-prepared 1M8G composites act differ-
ently in adsorption-PCD process of these organic dyes. This 

Fig. 7  a Adsorption test of 
as-prepared samples at 100 
µmol/L MB and b adsorption and 
adsorption-PCD test of 1M8G at 
different MB concentration

 

1 3

Page 9 of 15     42 



Y. Wei et al.

Langmuir model:

Ce

qe
=

CeKL + 1

qmKL
� (1)

Freundlich model:

ln qe = ln (KF) +
1

n
lnCe� (2)

Ce (µmol/L) denotes the equilibrium MB concentration, qe 
(µmol/g) denotes the equilibrium adsorption capacity, qm 
(µmol/g) denotes the maximum adsorption capacity, KL and 
KF denote the Langmuir model constant (L/mg) and Freun-
dlich model constant.

The fitting curves show Langmuir isotherm model is 
appropriate for MB adsorption over 1M8G with a corre-
lation coefficients value of 0.998. Light transmittance has 
been reported as a crucial factor influencing photocatalytic 
activity (Emam et al. 2020). The monolayer adsorption of 
MB on 1M8G, which is characteristic of Langmuir iso-
therm model, is advantageous for light transmittance (Koo 
et al. 2004). Moreover, it is proposed chemisorption plays 
a dominant role in monolayer adsorption, which endow the 

significant roles in illuminating the catalytic mechanism. 
Langmuir and Freundlich models were used to investigate 
the MB adsorption process over 1M8G. The isotherm fitting 
curves of adsorption process and relevant kinetic param-
eters are given in Fig.  9 and Table  2. Monolayer adsorp-
tion is characteristic of Langmuir model, while Freundlich 
model represents multilayer adsorption. Langmuir adsorp-
tion isotherm assumes the adsorption occurs at a finite num-
ber of definite localized sites with no interaction. Freundlich 
adsorption isotherm suggests the adsorbent surface has 
unequal available sites with different adsorption energy; the 
adsorption energy decreases exponentially during adsorp-
tion process. The Freundlich isotherm considers the surface 
heterogeneity. Correlation coefficient (R2) is used to evalu-
ate the applicability of the adsorption model. The following 
are the isotherm model formulas (Nehra et al. 2019).

Table 2  Adsorption isotherm parameters for MB adsorption on 1M8G
Isotherm model Parameters 1M8G
Langmuir qm (µmol/g) 151.0

KL (L/µmol) 0.3
R2 0.998

Freundlich n 3.9
KF 42.3
R2 0.973

Fig. 9  a Langmuir isotherm 
model, b Freundlich isotherm 
models fitting results of MB 
adsorption

 

Fig. 8  Adsorption-PCD recycle 
test of 1M8G at 200 µmol/L MB
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the experimental qe. Hence, it is deduced MB adsorption 
adopt pseudo‐second order kinetics model, indicating the 
adsorption rate is dominated by chemisorption and chemi-
sorption is the rate‐determining step. This result is in line 
with the adsorption isotherm study. According to FTIR 
results (Figure S12), the peaks at 880, 1331 and 1532 cm− 1 
after adsorption represent the vibration of MB dye, dem-
onstrating the chemisorption of MB over 1M8G (Aslam et 
al. 2017). Similar to adsorption process, the degradation of 
MB under adsorption‐PCD conditions follows pseudo‐sec-
ond order kinetic model, indicating the adsorption rate is 
dominated by chemical adsorption that involves electron 
sharing/transfer between adsorbent and adsorbate. Chemi-
cal adsorption minimises the potential for desorption and 
achieves efficient removal of pollutants. Importantly, with 
the increment of MB concentration, the light irradiation 
exhibit remarkable influence on MB removal.

However, owing to the finite sites for reaction, the MB 
removal efficiency gradually decreases and flattens out, 
which is confirmed by the experimental results. As shown 
in Figure S13, a long time adsorption-PCD experiment of 
1M8G at 200 µmol/L MB have been conducted. The MB 
removal efficiency of 1M8G on MB significantly increases 
within 150 min and gradually flattens out with the prolonged 
reaction time. A plateau is reached after 210 min reaction. 
Similar phenomena have been observed in the dye adsorp-
tion on adsorbents (Hameed et al. 2007).

3.5  Proposed mechanism

Adsorption isotherm and kinetic study suggest the adsorp-
tion of MB dye over MIL-100(Fe)/GO composite obeys 
Langmuir isotherm model and the pseudo‐second order 
model, indicating chemical adsorption plays a dominant 
role. As shown in XPS, diverse oxygen‐containing func-
tional groups are existed in the MIL-100(Fe)/GO, arousing 
negative charge in neutral environment. During adsorption 
process, the cationic dye MB can interact with the nega-
tively charged functional groups in the composites via elec-
trostatic interaction. The aromatic ring structures existed in 
GO and MIL‐100(Fe) favors MB adsorption via π‐π interac-
tions and hydrogen bonds. Also, the nitrogen atoms in MB 
structure are expected to form hydrogen bonds with -OH 
groups in MIL‐100(Fe)/GO (Vargas et al. 2011). There-
fore, a possible adsorption mechanism of MB dye on MIL‐
100(Fe)/GO composites is proposed including π‐π stacking, 
electrostatic interactions and hydrogen bonds.

The basic reaction mechanism of photocatalytic degrada-
tion process involves the excitation of electrons and holes 
induced by light irradiation in Fe((II)/(III)-O clusters of 
MIL100(Fe)/GO composites. To degrade organic pollutants, 
superoxide radicals (·O2

−), holes (h+) and hydroxyl radicals 

adsorbate strongly bind to the surface of adsorbent via elec-
trostatic and hydrogen bonds. The intense binding between 
MB and 1M8G reduces the possibility of desorption, which 
is detrimental for the adsorption treatment. In contrast, mul-
tilayer adsorption presents a physical biding, related to less 
intense interactions such as hydrogen bonds and van der 
Waals forces (Koo et al. 2004). Overall, it is reasonable the 
monolayer coverage of MB on 1M8G favors the adsorption 
and subsequent photocatalytic degradation of adsorbed MB.

Figure S11 shows the correlation between equilib-
rium adsorption capacity and initial MB concentration. It 
can be clearly seen the adsorption capacity is linearly and 
positively correlated with MB concentration in low concen-
tration region, which can be ascribed to the driving force 
associated with concentration. A further increase in concen-
tration causes a slow increase in adsorption capacity. This is 
because a finite number of adsorptive sites have been occu-
pied by MB molecules.

3.4  Kinetic study

The adsorption mechanism and rate-determining step can be 
analyzed by kinetic models. To assess the MB degradation 
response kinetics, pseudo-first and pseudo‐second order 
kinetic models have been utilized to analyze the obtained 
data. Pseudo‐first and pseudo‐second order are two com-
monly used kinetic models. The former presumes adsorp-
tion rate rises in proportion to the number of unoccupied 
adsorption sites, while the latter presumes adsorption is a 
chemical process. The following are the kinetic calculation 
formulas (Nehra et al. 2019):

Pseudo-first order model:

log (qe − qt) = log (qe)−
k1

2.303
t � (3)

Pseudo-second order model:

t

qt
=

1

k2q2e
+

t

qe
� (4)

k1 (min− 1) and k2 (g·µmol− 1·min− 1) denote pseudo-first 
and pseudo‐second order kinetic rate constants; qt and qe 
denotes the capacity of adsorbed MB at time t and equilib-
rium, respectively.

The kinetic results and relative parameters for adsorp-
tion and adsorption-PCD processes are given in Fig. 10 and 
Table S2. Based on the fitting results, pseudo‐second order 
model is suitable for the description of MB adsorption and 
adsorption‐PCD process with higher correlation coefficient 
R2, in comparison with pseudo-first order model. The cal-
culated qe based on pseudo‐second order model is close to 
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Fig. 10  Pseudo-first order and pseudo‐second order kinetic model for MB removal on 1M8G at a, b 100, c, d 200, and e, f 400 µmol/L
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effect between MIL‐100(Fe) and GO. By introducing GO, 
the stability of photocatalyst can be improved and sev-
eral pore structure can be formed at the interface between 
MIL-100(Fe) and GO layers based on TGA, BET and SEM 
results. These created pores are beneficial for the mass trans-
fer of reactants and products. The specific surface area and 
pores size (30–50 nm) of MIL‐100(Fe)/GO facilitate the dif-
fusion of MB molecules (1.7 nm × 0.76 nm) from solution 
to the surface and pores of MIL‐100(Fe)/GO composite. 
Also, the presence of GO layers suppress the aggregation of 
MIL‐100(Fe) particles resulting in well dispersion, and the 
formed MIL‐100(Fe) restrain the distortion and bundling of 
GO sheets, which is consistent with literature (Yang et al. 
2016). Furthermore, GO with high conductivity provides a 
highway for electron transfer, and thus retards the recombi-
nation of carriers, as confirmed by PL and transient photo-
current results.

4  Conclusions

We have successfully synthesized MIL-100(Fe)/GO via a 
facile hydrothermal approach, which show superior adsorp-
tion capacity and photocatalytic activity to eliminate organic 
dyes from water. The optimized 1M8G exhibits 95% MB 
removal (60.8 mg/g) within 210 min under simulated solar 
light. Moreover, the 1M8G exhibits excellent stability dur-
ing repeated adsorption-PCD processes for ten cycles. The 
calculation results of Langmuir model and pseudo‐second 
order kinetic model show that the monolayer chemisorption 
between MIL‐100(Fe)/GO and MB is not only conducive to 
the effective adsorption of pollutants and the prevention of 
secondary pollution caused by desorption, but also in favor 
of the charge transfer in subsequent photocatalytic degrada-
tion. The synergistic interaction between MIL-100(Fe) and 
GO enables effective separation and transfer of photoin-
duced electrons and holes. The developed MIL‐100(Fe)/GO 
hybrid can be promising candidates for various MOF-based 
applications including effluent disposal. This work not only 
provide a new route to remove organic pollutants through 

(·OH) with strong oxidizing ability have been regarded as 
the common active agents. As illustrated in Figure S14, the 
conduction band (CB) potential of MIL‐100(Fe) is extrapo-
lated to be ca.−0.43 eV versus Normal Hydrogen Electrode 
(NHE), which is negative than O2/·O2

− potential (− 0.33 eV) 
(Yang et al. 2016). Consequently, molecular oxygen in solu-
tion can capture photoinduced electrons (e−) to form ·O2

− 
radicals, which also facilitates the reduction of Fe(III) to 
Fe(II). The valence band (VB) of MIL‐100(Fe) locates at 
ca. 2.51 eV, which is positive than the H2O/·OH potential 
(2.38 eV) (Liu et al. 2018). This render H2O easily oxidized 
to ·OH radicals under light irradiation. Importantly, the MB 
redox potential is less than 1 eV (Zhang et al. 2019), which 
is significantly lower than the MIL-100(Fe) VB (2.51 eV), 
indicating the h+ generated on MIL‐100(Fe) VB can oxidize 
MB. To identify the degradation products, the MB solu-
tion after adsorption-PCD reaction were analyzed by ion 
chromatography. As shown in Table S3, NO3

−, SO4
2− and 

NH4
+ are detected in spent MB solution. Therefore, the MB 

is degraded into CO2, NO3
−, SO4

2− and NH4
+ (Chen et al. 

2023; Huang et al. 2015). Overall, the ·O2
−, h+ and ·OH 

radicals are believed to decompose the adsorbed MB to 
complete degradation process, as displayed in Fig. 11.

To verify the role of the primary reactive elements in the 
photocatalytic degradation of MB, tert-butyl alcohol (TBA), 
ethylene diamine tetraacetic acid (EDTA), and p-benzo-
quinone (BQ) have been used as scavengers for ·OH, h+ 
and ·O2

−, respectively (Hejazi et al. 2020). As can be seen 
in Figure S15, the removal efficiency of MB significantly 
decrease with the addition of TBA. In contrast, the MB 
elimination efficiency slightly decrease in the case of EDTA 
and p-benzoquinone, indicating ·OH is the main active spe-
cies for MB degradation. Moreover, the electron parama-
genetic resonance (EPR) technique is used to evaluate the 
presence of ·OH. The characteristic peaks of the DMPO-
·OH are observed in the EPR spectra of 1M8G under light 
irradiation (Figure S16), further confirming the important 
roles of ·OH in MB removal (Li et al. 2019).

The superior adsorption-PCD performance of MIL‐
100(Fe)/GO hybrid composites is ascribed to the synergetic 

Fig. 11  Mechanism scheme of 
MB removal over MIL-100(Fe)/
GO composite
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