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Abstract: In this study, MIL-101(Fe), MIL-101(Fe,Cu), and Graphene Oxide (GO) 6 

/MIL-101(Fe,Cu) were synthesized to compose a novel sorbent. The adsorption properties of these 7 

three MOFs-based composites were compared toward the removal of phosphate. Furthermore, the 8 

influencing factors including reaction time, pH, temperature and initial concentration on the 9 

adsorption capacity of phosphate on these materials as well as the reusability of the material were 10 

discussed. The structure of fabricated materials and the removal mechanism of phosphate on the 11 

composite material were analyzed by Scanning electron microscopy (SEM), Fourier transform 12 

infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 13 

nitrogen adsorption-desorption analysis and zeta potential. The results show that the maximum 14 

adsorption capacity of phosphate by the composite GO/MIL-101(Fe,Cu)-2% was 204.60 mg·g-1, 15 

which is higher than that of MIL-101(Fe,Cu) and MIL-101(Fe). likewise the specific surface area 16 

of GO/MIL-101(Fe,Cu)-2% is 778.11 m2/g is higher than that of MIL-101(Fe,Cu) and 17 

MIL-101(Fe),which are 747.75 and 510.66m2/g respectively. The adsorption mechanism of 18 

phosphate is electrostatic attraction, form coordination bonds and hydrogen bonds. The fabricated 19 

material is a promising adsorbent for the removal of phosphate with good reusability. 20 

Keywords: MOFs; phosphate; GO; composite; adsorption; wastewater treatment 21 

INTRODUCTION 22 

Water pollution has gradually become a serious global issues (Santana et al. 2020; Strokal et 23 

al. 2020; Deletic et al. 2019), due to rapid urbanization , industrialization, agriculture activities 24 

over past decades which caused in contamination of water bodies. Many industries discharge their 25 

sewage/waste into water bodies without pre-treatment which contains several traditional chemicals 26 

such as heavy metal ions, hazardous and toxic pollutants. Among different water contaminates, 27 

one is excessive growth of alages (especially Cyanobacterai) which associated with accumulation 28 

of phosphors in water, result in eutrophication phenomenon (Sarma et al. 2020; Huang et al. 29 
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2017). Consequently, the aquatic organisms in water will be reduced due to eutrophication 30 

phenomenon, and eventually lead to the gradual extinction of the entire regional water ecosystem 31 

(Liu et al. 2018). Studies have shown that phosphate is sufficient to stimulate the growth of algae 32 

when it is as low as 0.02mg/L (Bacelo et al. 2020; Isiuku et al. 2020; Ogata et al. 2020; 33 

Al-Alwani et al. 2018). At present, numerous technologies have been applied for the treatment of 34 

phosphate, such as biological method (Buhmann et al. 2013), flocculation (Langer et al. 2017) 35 

membrane filtration (Leo et al. 2011) and adsorption (Drenkova-Tuhtan et al. 2017; Loganathan 36 

et al. 2014), etc. Among them, adsorption has received extensive attention due to its high removal 37 

efficiency, wide removal range, simple operation and eco-friendly (Adegoke et al. 2015; Crini et 38 

al. 2006; Srinivasan et al. 2010).  39 

Metal organic framework (MOFs) is a new type of organic synthetic adsorption material. As 40 

an organic-inorganic hybrid metal organic framework containing organic ligands and metal 41 

clusters, it has not only ultra-high surface area and pore volume, but also an adjustable surface 42 

area, and excellent physio-chemical properties (i.e. unsaturated metal sites, pore size and geometry) 43 

(Rego et al. 2021; Emam et al. 2020). Its composite materials are often used in the adsorption of 44 

pollutants in water (Liu et al. 2020; Liu et al. 2020). Compared with single-metal MOFs materials, 45 

bi-metal MOFs materials have two metal active sites and can significantly improve the specific 46 

surface area, capacitance and other properties of the material (Hou et al. 2019; Liu et al. 2020), 47 

which result in wide application and extensively studies of them. Many research has been done 48 

and proved the excellent adsorption performance of it toward the removal of water pollutants (Gu 49 

et al. 2019; El-Yazeed et al. 2020). 50 

Carbon materials are one of the most widely used adsorption materials, and graphene oxide is 51 

one of the most excellent materials (Nebol'sin et al. 2020; Tian et al. 2021), since it has large 52 

specific surface area, mechanical flexibility, thermal stability and plenty of oxygen-containing 53 

functional groups present on its surface (Kyzas et al. 2018; Burakov et al. 2018). Furthermore, its 54 

monomer material has good adsorption performance (Lai et al. 2018; Lebron et al. 2020), and 55 

some researchers have made it into a membrane structure to adsorb pollutants (Li et al. 2020). 56 

However, graphene oxide is often difficult to remove in water due to its dispersibility and 57 

hydrophilicity properties. Therefore, many researchers attempted to overcome such defect by 58 

combining GO with other materials. (Zhang et al. 2020; Chen et al. 2020). Many studies have 59 
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been done by researchers and found that coating the surface with other materials (such as MOF) is 60 

considered to be a good way to avoid its defects, and GO-MOF composite material is hence 61 

considered to be a good composite adsorption material (Zhou et al. 2014; Amini et al. 2020; 62 

Eltaweil et al. 2020; Bu et al. 2019).  63 

We expect to prepare a bimetallic MOF of Fe and Cu and combine it with GO to form a 64 

coating structure with a large layer of small crystals through self-assembly in the reactor, and 65 

synthesize a new type of composite adsorption material. In this study we fabricated MIL-101(Fe), 66 

MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu) by hydrothermal method. The crystalline morphology 67 

of MIL-101(Fe,Cu) has been changed by adding of Cu, and the specific surface area was 68 

significantly increased. Moreover, After the addition of GO, MIL-101(Fe,Cu) grew on the surface 69 

GO, which contained a large number of oxygen-containing functional groups, result in formation 70 

of a tight coating structure. Finally, a new type of composite adsorption material obtained. The 71 

optimal ratio of the two was determined by adjusting the addition amount of GO and 72 

MIL-101(Fe,Cu). 73 

2. Materials and methods 74 

2.1 Experimental materials 75 

Chemical substances used in the preparation, including iron chloride hexahydrate 76 

(FeCl3·6H2O), copper nitrate trihydrate (Cu(NO3)2·3H2O), terephthalic acid (C8H6O4), 77 

N,N-dimethylformamide (DMF) (C3H7NO), which were purchased from Sinopharm Chemical 78 

Reagent Co., Ltd. Other chemicals, absolute ethanol, potassium dihydrogen phosphate (KH2PO4), 79 

potassium antimony tartrate (C8H4K2O12Sb2), ascorbic acid (C6H8O6) were all of analytically pure, 80 

and they were supplied by Sinopharm Chemical Reagent Co., Ltd. The deionized water was used 81 

for experiment. The deionized (DI) water was used for preparing the solution and washing the 82 

prepared samples. 83 

2.2 Preparation of MIL-101 (Fe), MIL-101 (Fe, Cu), GO/MIL-101 (Fe, Cu) composite 84 

adsorption materials 85 

(1) MIL-101(Fe): 0.831g terephthalic acid and 1.461g ferric chloride hexahydrate were added 86 

to 30ml DMF, and then stirred at room temperature for 1h. The obtained mixture was kept in a 87 

100ml autoclave lined with Teflon liner at 120°C for 24h. Subsequently, it was washed with DMF 88 

and absolute ethanol three times and dried in an oven at 60°C till its mass remained unchanged.  89 
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(2) MIL-101(Fe,Cu): It was prepared in the same way as MIL-101(Fe), except the addition of 90 

0.302g copper nitrate trihydrate into 0.831g of terephthalic acid and 1.461g of ferric chloride 91 

hexahydrate. 92 

(3) GO/MIL-101(Fe,Cu): 0.831g terephthalic acid, 1.461g ferric chloride hexahydrate and 93 

0.302 copper nitrate trihydrate were dissolved in 30ml DMF and stirred continuously at room 94 

temperature for 1h. An appropriate amount of GO was added to 6ml ethanol, which was dispersed 95 

by ultrasound and then added to the above solution. The ultrasonic wave lasted 20 min. The 96 

obtained mixture was kept in a 100ml autoclave lined with Teflon liner at 120°C for 24h. 97 

Subsequently, it was washed with DMF and absolute ethanol three times and dried in an oven at 98 

60°C till its mass remained unchanged. GO is added in the composite material at a weight ratio of 99 

1%, 2%, 5%, 10%, 20%. 100 

2.3 Characterization of the adsorbent 101 

The FE-SEM S4800 (produced by Hitachi, Japan) electron microscope was used to scan the 102 

adsorbent material to observe its surface structure and microscopic composition. The XD-3 type 103 

X-ray powder diffraction was used for the test, and the measurement conditions were: the copper 104 

target Kα rays,the scanning step is 0.02°, and the scanning range 2θ is 5~75°. The Fourier 105 

transform infrared absorption spectrum was detected by Nicolet iS50 FTIR spectrometer (Thermo 106 

Fisher, USA). JW-BK122W N2 physical adsorption device (produced by Beijing Jingwei Gaobo 107 

Science and Technology Co., Ltd.) was used to test the adsorbent material. X-ray photoelectron 108 

spectroscopy analysis was conducted by ESCALAB250Xi (Thermo Fisher, USA) photoelectron 109 

spectrometer under AlKα radiation. The zeta potential of the sample was measured by the JS94H 110 

microelectrophoresis instrument.  111 

2.4 Experiment on adsorption performance 112 

To study the adsorption performance of the prepared material a 100mg·L-1 sample solution 113 

was prepared and placed in a 1000ml volumetric flask. Then 100ml of the sample take out place in 114 

an Erlenmeyer flask for further usage. To investigate the effect of prepared material different 115 

concentration of the solution with various dosage of the adsorbent were used under the condition 116 

of influencing parameters. The absorbance was measured by UV-vis spectrophotometer and the 117 

concentration was calculated. The pH, temperature and dosage of the experiment were adjusted 118 

respectively to explore the effect of different influencing parameters on the adsorption process. 119 
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The removal rate and adsorption capacity were calculated by the following formulas: 120 

                                    (1) 121 

                                   (2) 122 

where qe is adsorption capacity at adsorption equilibrium, mg·g-1; C0 is initial concentration of 123 

simulated wastewater, mg·L-1; Ce is concentration of simulated wastewater at adsorption 124 

equilibrium, mg·L-1; V is volume of simulated wastewater, L; m is the mass of the adsorbent; η is 125 

removal efficiency, %; C0 is initial mass concentration of phosphate solution, mg·L-1; Ct is the 126 

mass concentration of phosphate after degradation, mg·L-1. 127 

3. Results and discussion 128 

3.1 Surface morphology 129 

The SEM image of MIL-101(Fe) is shown in Figure 1(a). as it can be seen MIL-101(Fe) shows 130 

a uniform and smooth octahedral structure with clear and orderly edges and corners, which is in 131 

line with previous reported research (Barbosa et al. 2017). Compared with MIL-101(Fe), the 132 

edges and corners of the MIL-101(Fe,Cu) crystals had less obvious edges and angles, which were 133 

not as regular as the previous ones, and the surface morphology became rough. This might be due 134 

to the addition of Cu for replacing some Fe sites, the radius of Cu2+ is larger than that of Fe3+, 135 

result in a larger specific surface area. As shown in Figure 1(d)-(e), after 2% GO was added, the 136 

crystal morphology of MIL-101(Fe,Cu) did not change, and it could still be successfully 137 

synthesized and attached to the surface of GO. Many MIL-101(Fe,Cu) crystals covered most of 138 

the GO surface, forming a new type of composite material with a large number of small crystals 139 

wrapped in large layers, formed a tight structure. Figure 1(f) indicate that when 10% GO was 140 

added, the crystal shape become more distorted, and some spheres are attached to the GO surface. 141 

This might be due to a large amount of GO inadvertently hindering the synthesis of 142 

MIL-101(Fe,Cu) crystals.  143 

3.2 Crystal structure 144 

The main diffraction peaks of MIL-101(Fe) appeared at 2θ=8.99, 9.23, 18.88, 23.16°, which is 145 

according to the results of previous studies (Lin et al. 2020), which was proven that MIL-101(Fe) 146 

was successfully synthesized. The position of the main diffraction peak of MIL-101(Fe,Cu) was 147 

basically the same as that of MIL-101(Fe), and the position of the peak was slightly shifted to the 148 



6 

 

left because the radius of the doped Cu particles is larger than that of Fe, thus result in slight 149 

lattice distortion. It is precisely because of such distortion that the specific surface area of 150 

MIL-101(Fe,Cu) was significantly improved. The XRD results did not remarkably change after 151 

adding a small amount of GO, since GO was a single-layer sheet structure that had been 152 

ultrasonically processed and its dosage was small. No peak could be observed in the XRD image. 153 

However, as the amount of GO doped increased, the position of the diffraction peak greatly 154 

changed. GO sheet layer blocked the binding and reaction of the precursor materials, so the peak 155 

of the precursor substance rather than that of MIL-101(Fe,Cu) was observed in the XRD image 156 

captured at this point, which is also consistent with the SEM results.  157 

 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

Figure 1. SEM images of the MIL-101(Fe) (a), MIL-101(Fe,Cu) (b), GO (c), GO/MIL-101(Fe,Cu)-2% (d-e) and 173 

GO/MIL-101(Fe,Cu)-10% (f). 174 
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Figure 2. XRD patterns of samples. 176 

3.3 N2 adsorption-desorption analysis 177 

As it can be seen from Table 1, after Cu was added, the specific surface area of MIL-101(Fe) 178 

significantly increased from 510.66 m2· g-1 to 747.75 m2· g-1. The surface of the material was 179 

exposed to more active sites, which was conducive to the adsorption process. After GO was added, 180 

the specific surface area of the sample slightly increased.  181 

It can be seen from the adsorption-desorption curve that the adsorption capacity of 182 

MIL-101(Fe) and MIL-101(Fe,Cu) rose rapidly at a lower relative pressure, and the adsorption 183 

saturation value appeared after reaching a certain relative pressure. The results are consistent with 184 

those indicated in (Li et al. 2019). The adsorption-desorption curve has the characteristics of a 185 

typical Type-I isotherm. This proves that the sample contains micropores or mesopores which are 186 

very close to the micropore size. 187 

What I want to express in this sentence is that the pores in the material are micropores or 188 

mesopores that are very close to the size of the micropores. However, GO/MIL-101(Fe,Cu)-2% 189 

had the characteristics of both Type-I and Type-II isotherms, and the hysteresis ring conforms the 190 

characteristics of the H4 type hysteresis ring, which often appears on the mixed pore size 191 

adsorbent with both micropores and mesoporous (Dollimore et al. 1976). 192 

Table 1. Specific surface area and pore structure parameter of sample. 193 

Samples SBET(m2·g-1) Vp (cm3·g-1) dP(nm) 

MIL-101(Fe) 510.66 0.36 

0.49 

2.75 

2.63 MIL-101(Fe,Cu) 747.75 

GO/MIL-101(Fe,Cu) 778.11 0.55 2.57 
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Figure 3. N2 adsorption–desorption isotherms and corresponding pore size distribution curves(inset) of samples. 195 

3.4 FTIR spectrum 196 

As shown in Figure 4, the characteristic peaks of MIL-101(Fe) appeared at 543.92, 748.71, 197 

1389.60, 1507.25, 1541.24, 1669.00 and 3324.25 cm-1, respectively. The peak at 3324.25 cm-1 198 

came from -OH in water molecules. The absorption peaks at 1669.00, 1541.24 and 1389.60 cm-1 199 

corresponded to the symmetric and asymmetric stretching vibrations of the organic ligand O-C=O. 200 

The small absorption peak at 1507.25 cm-1 came from the C=C bond of the benzene ring vibration. 201 

The absorption peak at 543.92 and 748.71 cm-1 came from the chelating bond formed by Fe3+ and 202 

carboxylic acid functional group, which is consistent with the results of previous studies (Fakhri 203 

et al. 2020). The characteristic peaks of MIL-101(Fe,Cu) were basically the same as those of 204 

MIL-101(Fe). Only the peak at 1554.03 cm-1 was slightly blue-shifted, which was possibly caused 205 

by the carboxyl group in terephthalic acid and Cu2+. As a metal active site binding with organic 206 

ligands, it had a certain impact on the iron base, causing two metal ions to compete with each 207 

other to cooperate with terephthalic acid. After GO was added, the absorption peaks of the 208 

composite material at 1541.24 and 1669.00 cm-1 were significantly weakened because the GO 209 

surface contained a large number of oxygen-containing functional groups that reacted with the 210 

carboxyl groups on MIL-101(Fe,Cu), and finally, a series of irregular C=O chains are generated 211 

while the number of free carbonyl C=O bonds decreases. These indicate that GO was successfully 212 

incorporated into and interacted with MIL-101(Fe,Cu). After the composite material adsorbed 213 

phosphate, two new characteristic peaks appeared at 1018.29 and 1106.69 cm-1, which indicated 214 

that P=O and P-OH were formed and that the M-OH group in the composite material might be 215 

coordinated by M-O-P. The M-OH group in the composite material may adsorb phosphate through 216 
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the M-O-P coordination bond. The results indicate that the phosphate was successfully adsorbed 217 

on the composite material. After the adsorption of phosphate, the peak intensity of the composite 218 

material at 3300 cm-1 increased slightly. This result indicates that a hydrogen bond (O-H·· ·O) may 219 

be formed between the phosphate and the composite material.  220 
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Figure 4. FTIR spectra of samples and GO/MIL-101(Fe,Cu)-2% after adsorption of phosphate. 222 

3.5 XPS spectrum 223 

The XPS spectrum is shown in Figure 5, and the surface atomic content is shown in Table 2. 224 

Figure 5(a) shows that the spectra of MIL-101(Fe), MIL-101(Fe,Cu), GO/MIL-101(Fe,Cu) -2%, 225 

which implies that O, C, and Fe all existed in the three samples. Cu existed in MIL-101(Fe,Cu) 226 

and GO/MIL-101(Fe,Cu)-2%, but due to the its small content, the peaks were not obvious. By 227 

adding GO, the relative intensity of the peak at C 1s was increased. Figure 5(b) shows the 228 

high-resolution images of the three samples in the Fe 2p region. MIL-101(Fe) has two peaks 229 

corresponding to Fe 2p3/2 and Fe 2p1/2 orbitals at 711.52 eV and 724.86 eV respectively (Wang 230 

et al. 2020; He et al. 2019). After Cu was added, the binding energy shifted slightly to the positive 231 

direction, and the content of Fe decreased slightly, however the content of Cu increased from 0 to 232 

0.92%, which proved the successful incorporation of Cu. When GO was added, the binding energy 233 

moved forward, demonstrating the correlation between GO and MIL-101(Fe,Cu), which is a line 234 

with the results of FTIR. The image of Cu 2p is shown in Figure 5(c). There is no photoelectron 235 

peak in MIL-101(Fe), and the peaks of MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu)-2% appeared at 236 

932.5 eV. The weak photoelectron peak proved the successful incorporation of Cu, but the peak 237 

was not obvious due to the small amount of incorporation. Figure 5(d) shows the high resolution 238 

spectra of C 1s in MIL-101(Fe), MIL-101(Fe,Cu), GO/MIL-101(Fe,Cu)-2%, and MIL-101(Fe). 239 
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There were three photoelectron peaks at 284.82, 286.18 and 288.75eV, corresponding to the 240 

C-C/C=C, C-O, and C=O bonds, respectively. The C=C bond came from the organic ligand and 241 

the benzene ring of graphene oxide, and the C-O bond came from the ligand. The carboxyl group 242 

and hydroxyl group on the surface of graphene oxide, and the C=O bond came from the organic 243 

ligand neutralizing the carboxyl group on the surface of graphene oxide. After GO was 244 

incorporated, the content of C atoms increased significantly, proving the successful incorporation 245 

of GO. 246 

Table 2. Surface atom content of MIL-101(Fe), MIL-101(Fe, Cu) and GO/MIL-101(Fe, Cu)-2% composite materials. 247 
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Figure 5. XPS survey spectra (a). High-resolution XPS of Fe 2p(b), Cu 2p(c), and C 1s regions(d) of samples. 250 

3.6 Analysis of zeta potential  251 

Figure 6 shows the zeta potential distribution curves of three samples of MIL-101(Fe), 252 

MIL-101(Fe,Cu), and GO/MIL-101(Fe,Cu)-2%, at pH=7. The zeta potentials of the materials were 253 

Sample 
Element content 

C (%) O (%) Fe (%) Cu (%) 

MIL-101(Fe) 63.48 29.97 6.55 0 

MIL-101(Fe,Cu) 61.38 31.19 6.51 0.92 

GO/MIL-101(Fe,Cu)-2% 65.07 27.75 6.35 0.83 
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10.42, 19.17, and 5.22mV, respectively, and the Isoelectric point (IEP) were all greater than 7. 254 

therefore, the three samples were positively charged under neutral conditions. It has been reported 255 

that the IEP of GO was between 3 and 4 (Zheng et al. 2019), hence a large number of 256 

oxygen-containing groups on the surface and edges tended to protonate. However, GO was 257 

negatively charged under neutral conditions. In the composite material, the surface of GO cannot 258 

completely covered by MIL-101(Fe,Cu); thus, the zeta potential of the composite material is lower 259 

than that of pure MIL-101(Fe,Cu), indicating that all three samples could absorb negative ionic 260 

pollutants through electrostatic interaction. 261 
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Figure 6. Distribution of zeta potentials of samples in aqueous solution. 263 

3.7 Effect of pH 264 

It can be seen from Figure 7 that when the pH increased from 2 to 3, the adsorption capacity 265 

increased significantly, and it decreased with the increase of pH because the phosphate existed in 266 

the form of H3PO4 in water when the pH was 2.13, at this point, phosphate could not be adsorbed 267 

by electrostatic effect, and the adsorption effect was poor. When the pH was greater than 2.13, the 268 

phosphate existed in the form of negative charge. Under the subsequent acidic conditions, the 269 

water contained a lot of H+, and the surface of the adsorbent itself was positively charged. 270 

Therefore, under strong acid conditions, the adsorption capacity was significantly improved due to 271 

the presence of static electricity. As the pH rise, H+ in water decreased, while OH- increased which 272 

result in repulsion between adsorbent and pollutant under strong alkaline condition. Therefore, the 273 

amount of adsorption gradually decreased.  274 
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Figure 7. Effect of pH on adsorption of phosphate onto samples. 276 

3.8 Adsorption kinetics  277 

As it can be seen from Figure 8, the adsorption rate was great at the beginning of the reaction 278 

(before 30 min) due to presence of a large number of active sites on the sample surface result in 279 

rapid adsorption of phosphate. After 90 min as a large number of adsorption sites were filled; thus, 280 

the adsorption rate of the reaction gradually decreased and the adsorption capacity tended to 281 

saturate. The adsorption capacity of GO/MIL-101(Fe,Cu) for phosphate was superior when a 282 

small amount of GO was added. Among them, GO/MIL-101(Fe,Cu)-2% exhibited a high 283 

adsorption capacity of 204.6mg/g. 284 

Lagergren first-order reaction kinetics was used respectively to further discuss the adsorption 285 

process. The experimental data of phosphate adsorption by three samples were fitted with the 286 

scientific model and the kinetic model of secondary reaction. 287 

The linear form of Lagergren first-order adsorption kinetic equation is: 288 

                                                     (3) 289 

The pseudo-second-order reaction rate equation: 290 

                              (4) 291 

The Lagergren primary and secondary reaction rate equations were used to process the data in 292 

Figure 8. The results are shown in Figures 9 and 10, and the regression parameters are shown in 293 

Table 3. 294 

It can be seen from Table 3 that the degree of fit between the adsorption of phosphate and the 295 

Lagergren pseudo-second-order adsorption kinetic model was higher. 296 

 297 
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Table 3. Parameters in the two kinetic models for phosphate adsorption by MIL-101(Fe), MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu)-2% 298 

composite materials. 299 
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Figure 8. Adsorption of phosphate onto samples at different adsorption time. 301 
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Figure 9. Lagergren first-order kinetics equation plot of phosphate. 303 
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Figure 10. Lagergren second-order kinetics equation plot of phosphate. 305 

3.9 Adsorption isotherm 306 

It can be seen from the Figure 11 that the adsorption amount of phosphate of the three samples 307 

Adsorbents 
qe 

mg·g-1 

Pseudo-first-order model Pseudo-second-order model 

k1 

min-1 

qe.c 

mg·g-1 
R2 

k2 

g·mg-1·min-1 

qe.c 

mg·g-1 
R2 

MIL-101(Fe) 73.7406 0.02982 46.14 0.9679 0.0013 77.82 0.9981 

MIL-101(Fe,Cu) 81.0108 0.02331 40.09 0.9614 0.0013 84.39 0.9993 

GO/MIL-101(Fe,Cu) 95.4374 0.0322 49.014 0.9859 0.0012 96.53 0.9995 
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increased with the increase of Ce and slightly became gentle. When Ce is low, the adsorption site 308 

of the adsorbent has a low filling rate of phosphate. With the increase of the concentration, the 309 

filling rate gradually increased and the adsorption gradually reached saturation, and the adsorption 310 

effect of GO/MIL-101(Fe,Cu) -2% was better than that of MIL-101(Fe) and MIL-101(Fe,Cu). 311 

The Langmuir adsorption isotherm model and the Freundlich adsorption isotherm model were 312 

used to process the data in Figure 11. The results are shown in Figures 12 and 13, and the 313 

regression parameters are shown in Table 4. According to the table, the adsorption of phosphate by 314 

MIL-101(Fe), MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu)-2% was similar to that of Langmuir 315 

adsorption isotherm model, and the linear correlation coefficient R2 was greater than the 316 

Freundlich model. That is, the adsorption process is a single layer adsorption. According to the 317 

Langmuir isotherm model, the calculated maximal adsorption quantities of the MIL-101(Fe), 318 

MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu)-2% towards phosphate are 161.24, 182.88 and 204.6 319 

mg·g-1, respectively. The adsorption capacities of GO/MIL-101(Fe,Cu)-2% is better than that of 320 

MIL-101(Fe) and MIL-101(Fe,Cu). Futhermore, Table 5 shows that the adsorption capacities of 321 

GO/MIL-101(Fe,Cu)-2% towards phosphate are higher than or comparable than that other 322 

adsorption materials. 323 

The Langmuir adsorption isotherm equation is: 324 

                            (5) 325 

where Q0 is the unit saturated adsorption capacity when the monolayer is formed, mg·g-1; Ce is 326 

the equilibrium mass concentration of the solution, mg·L-1; qe is the equilibrium adsorption 327 

capacity, mg·g-1; b is the constant of Langmuir equilibrium. The Freundlich adsorption isotherm 328 

equation is: 329 

                         (6) 330 

where KF and n are adsorption constants related to factors such as temperature and specific surface 331 

area of the adsorbent.  332 

 333 

 334 

 335 

 336 
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Table 4. Parameters of the Langmuir and Freundlich isotherm models for phosphate adsorption onto MIL-101(Fe), MIL-101(Fe,Cu) and 337 

GO/MIL-101(Fe,Cu)-2% composite. 338 

Table 5. Comparison of adsorption capacities of GO/MIL-101(Fe,Cu)-2% towards phosphate with other adsorbents. 339 
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Figure 11. Phosphate adsorption isotherms for samples. 341 
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Figure 12. Fitting results of linearized Langmuir adsorption isotherms of phosphate adsorption on samples. 343 

Adsorbents 
Langmuir Freundlich 

Q0/mg·g-1 b/L·mg-1 R2 KF n R2 

MIL-101(Fe) 167.22 0.0205 0.9901 18.17 2.84 0.90877 

MIL-101(Fe,Cu) 186.92 0.0297 0.9995 24.87 3.03 0.88912 

GO/MIL-101(Fe,Cu) 208.33 0.0489 0.9994 34.54 3.32 0.88223 

samples Phosphate 

concentration(mg·L-1) 

Adsorption equilibrium 

time(min) 

The maximum 

adsorption 

capacity(mg·g-1) 

Reference 

GO/MIL-101(Fe,Cu) 100 90 204.6 This work 

Fe-La/MgO-2 40 40 38.82 Sun et al. 2020 

Mesoporous ZrO2 fibers 75,100,150 200 222.79 Dong et al. 2020 

Zn–Fe LDH 2000 15 36 Gupta et al. 2020 

Fe3O4/CS/PEI nanoparticles 25-300 180 50.8 Fu et al. 2020 

ZIF8@MWCNT nanocomposite 1000 - 203.0 Wang et al. 2020 

Ce-MOF-500(S) 100 120 189.4 He et al. 2020 

La/Fe3O4-BC 500 300 20.5 Wang et al. 2019 
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Figure 13. Fitting results of linearized Freundlich adsorption isotherms of phosphate adsorption on samples. 345 

3.10 Adsorption thermodynamics 346 

It can be seen from Figure 14 that MIL-101 (Fe), MIL-101(Fe,Cu) and 347 

GO/MIL-101(Fe,Cu)-2% had a certain effect on the removal of phosphate at different 348 

temperatures. With the increase of temperature, the adsorption capacity decreased gradually, 349 

which indicate that high temperature is not favorable in reaction process. High temperature might 350 

cause changes in the adsorbent and thus affected the adsorption performance. 351 

By fitting the data in Figure 14, corresponding thermodynamic parameters can be obtained 352 

according to the following formula for adsorption thermodynamics. 353 

                            (7) 354 

where ΔG is the change of Gibbs free energy, J·mol-1; ΔH is the change of adsorption enthalpy, 355 

J·mol-1; ΔS is the change of adsorption entropy, J·K-1·mol-1; T is the thermodynamic temperature, 356 

K. 357 

                         (8) 358 

where Kd is the distribution coefficient and R is the thermodynamic constant, which was 8.314 359 

J·K-1·mol-1. The fitting results are shown in Figure 15 and the parameters are presented in Table 6. 360 

It can be seen from Table 6 that during the adsorption of phosphate of the three samples MIL-101 361 

(Fe), MIL-101 (Fe,Cu) and GO/MIL-101 (Fe,Cu)-2%, ΔH values were all negative. The reaction 362 

of adsorption of phosphate is exothermic. ΔS was negative, indicating that the disorder at the 363 

solid-liquid interface decreased during the adsorption process, and when ΔG was negative, it was a 364 

spontaneous process. To sum up, the adsorption process of phosphate by the three samples was a 365 

spontaneous thermal reaction. 366 
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Table 6. Thermodynamic parameters of phosphate adsorption on samples. 367 

300 320 340

70

80

90

GO/MIL-101(Fe,Cu)-2%

MIL-101(Fe,Cu)

MIL-101(Fe)

T(K)

q
e(

m
g

/g
)

 368 

Figure 14. Effect of different temperatures. 369 
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Figure 15. The logKd~1/T relation diagram of phosphate adsorbed by samples. 371 

Adsorbents T/K ΔG/(kJ·mol-1) ΔH/(kJ·mol-1) ΔS/(J·(K·mol)-1) 

MIL-101(Fe) 

298.15 -7.46 

-10.39 -9.84 

308.15 -7.36 

318.15 -7.26 

328.15 -7.16 

338.15 -7.06 

MIL-101(Fe,Cu) 

298.15 -11.82 

-17.31 -18.40 

308.15 -11.64 

318.15 -11.46 

328.15 -11.27 

338.15 -11.09 

GO/MIL-101(Fe,Cu) 

298.15 -25.49 

-38.84 -44.77 

308.15 -25.04 

318.15 -24.60 

328.15 -24.15 

338.15 -23.70 
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3.11 Adsorption mechanism 372 

3.11.1 Coordination bond 373 

The formation of coordination bonds is an important mechanism for the adsorption of 374 

phosphoric acid on GO/MIL-101(Fe,Cu)-2%. Theoretically, there are unsaturated sites in the 375 

GO/MIL-101(Fe,Cu)-2% metal cluster, which can be used as Lewis acid sites to obtain M-OH 376 

through deprotonation in aqueous solution. From infrared spectrum analysis, similar results can be 377 

obtained. GO/MIL-101(Fe,Cu)-2% changed significantly before and after phosphate adsorption. 378 

As shown in Figure 4, after phosphate adsorption, a broad peak was formed at 1018.29 cm-1, and a 379 

new peak appeared at 1106.69 cm-1, corresponding to the P=O and P-O bonds, respectively. This 380 

result confirms that phosphate is adsorbed on GO/MIL-101(Fe,Cu)-2% by forming coordination 381 

bonds. 382 

3.11.2 Electrostatic attraction 383 

According to the influence of pH on the adsorption capacity, the effect of electrostatic 384 

attraction in the adsorption process can be clearly understood. Figure 7 display the effect of pH on 385 

the adsorption of phosphate by GO/MIL-101(Fe,Cu)-2%. During the adsorption process, the pH of 386 

the solution will affect the surface charge of GO/MIL-101(Fe,Cu)-2% and the ionization degree of 387 

pollutants. Phosphate has a low adsorption capacity under extremely acidic conditions(pH=2), 388 

after that the adsorption capacity increases rapidly (pH=3), and then the adsorption capacity 389 

decreases with increasing pH. The results of Zeta potential show that the IEP of 390 

GO/MIL-101(Fe,Cu)-2% is approximately between 7-8, which indicates that 391 

GO/MIL-101(Fe,Cu)-2% contains positive charges on the surface. Phosphate is anionic pollutants 392 

and under acidic conditions, when H+ exists in a large amount, the adsorption effect is better. 393 

When the H+ gradually decreases and the adsorption performance also decreases. Therefore, the 394 

electrostatic attraction in the adsorption process of phosphate plays an important role. 395 

3.11.3 Hydrogen bond 396 

It can be seen from the infrared results that some hydrogen bonds are formed between the 397 

oxygen in the phosphate structure and the hydroxyl groups of the composite material. These 398 

hydrogen bonds have a certain positive influence on the adsorption process and play a certain 399 

supplementary role for the adsorption capacity. 400 



19 

 

In summary, electrostatic attraction, forming coordination bonds and hydrogen bonds are the 401 

main mechanisms for the adsorption of phosphate by GO/MIL-101(Fe,Cu)-2%  402 

3.12 Reusability  403 

The experimental results of desorption regeneration are shown in Figure 16. As it can be seen 404 

from the figure, these three materials had a certain degree of reusability in the process of 405 

adsorbing phosphate. The reusability of the other MIL-101(Fe) and MIL-101(Fe,Cu) are obviously 406 

not as good as that of the composite material, and the adsorption performance decreases faster. It 407 

may be due to formation of strong coating structure in the composite material, which makes it 408 

more stable. After four times of adsorption-desorption the removal rate of phosphate by 409 

GO/MIL-101(Fe,Cu)-2% decreased from 96.11% to 72.13%, which proved that the material had 410 

good reusability. 411 

 412 

Figure 16. Regeneration cycles of MIL-101(Fe), MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu)-2% composite materials 413 

4. Conclusion 414 

The GO/MIL-101(Fe,Cu) composite adsorbent was prepared by hydrothermal reaction. 415 

Compared with MIL-101 (Fe), the specific surface area of MIL-101 (Fe,Cu) increased by 31.72%. 416 

The addition of GO provided a matrix for the synthesis of MIL-101 (Fe,Cu), result in enhancing of 417 

the pore structure, strong stability, exposing more active sites, enriching the adsorption mechanism. 418 

The ratio of the two (GO and MIL-101 (Fe,Cu)) plays a decisive role in the successful synthesis of 419 

the material. The experimental results shows that the adsorption capacity of 420 

GO/MIL-101(Fe,Cu)-2% is significantly better than that of MIL-101(Fe) and MIL-101(Fe,Cu). 421 
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According to the result of Langmuir and Freundlich adsorption isotherm data, the adsorption 422 

kinetic data are more in line with the second-order kinetic model and the Langmuir adsorption 423 

isotherm model, which indicate that the adsorption process is a single-molecular-layer adsorption. 424 

The main adsorption mechanism is electrostatic attraction, formation of coordination and 425 

hydrogen bonds. The fabricated material shown >70% phosphate removal rate after four cycles of 426 

adsorption-desorption, which proven that the GO/MIL-101(Fe,Cu)-2% surface is positively 427 

charged and has an ideal adsorption performance for anionic pollutants. To sum up, 428 

GO/MIL-101(Fe,Cu)-2% is a promising compatible adsorption material. 429 
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Figures

Figure 1

SEM images of the MIL-101(Fe) (a), MIL-101(Fe,Cu) (b), GO (c), GO/MIL-101(Fe,Cu)-2% (d-e) and GO/MIL-
101(Fe,Cu)-10% (f).

Figure 2



XRD patterns of samples.

Figure 3

N2 adsorption–desorption isotherms and corresponding pore size distribution curves(inset) of samples.

Figure 4

FTIR spectra of samples and GO/MIL-101(Fe,Cu)-2% after adsorption of phosphate.



Figure 5

XPS survey spectra (a). High-resolution XPS of Fe 2p(b), Cu 2p(c), and C 1s regions(d) of samples.

Figure 6

Distribution of zeta potentials of samples in aqueous solution.



Figure 7

Effect of pH on adsorption of phosphate onto samples.

Figure 8

Adsorption of phosphate onto samples at different adsorption time.

Figure 9

Lagergren �rst-order kinetics equation plot of phosphate.



Figure 10

Lagergren second-order kinetics equation plot of phosphate.

Figure 11

Phosphate adsorption isotherms for samples.

Figure 12

Fitting results of linearized Langmuir adsorption isotherms of phosphate adsorption on samples.



Figure 13

Fitting results of linearized Freundlich adsorption isotherms of phosphate adsorption on samples.

Figure 14

Effect of different temperatures.



Figure 15

The logKd~1/T relation diagram of phosphate adsorbed by samples.

Figure 16

Regeneration cycles of MIL-101(Fe), MIL-101(Fe,Cu) and GO/MIL-101(Fe,Cu)-2% composite materials
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