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Abstract 9 

In this study, flower molybdenum disulfide (MoS2) was surface-modified with 10 

polyethyleneimine(PEI) to prepare PEI/MoS2 composite adsorbents for Cr(VI) enrichment in 11 

aqueous solution. The physicochemical properties of PEI/MoS2 were characterized by SEM, TEM, 12 

XRD, FTIR, BET and XPS methods. The influences of PEI loading, solution pH, contact time, 13 

adsorption temperature, and initial Cr(VI) ion concentration on the adsorption performance of 14 

PEI/MoS2 for Cr(VI) were investigated. Under the optimal conditions, and the initial Cr(VI) ion 15 

concentration is 50 mg L-1, the adsorption capacity of PEI/MoS2 is 120.7 mg g-1. The adsorption rate 16 

is fast, equilibrium time is 6 h. Competitive adsorption studies of the Cr(VI) , Co(II), Zn(II) and 17 

Cd(II) quaternion system were also investigated, the results indicated that selectively adsorbed 18 

amount of Cr(VI) on PEI/MoS2 is significantly higher than that of Co(II), Zn(II) and Cd(II) ions. The 19 

adsorption process was spontaneous and conformed to Freundlich isotherm and pseudo-second 20 

kinetic model. The consecutive adsorption-desorption experiments indicated that the PEI/MoS2 has 21 

excellent reusability.  22 

Key words: Flower molybdenum disulfide, Polyethyleneimine, Hexavalent chromium, Adsorption 23 

 24 

1. Introduction 25 

With the acceleration of the modernization process and the development of industrialization, 26 
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overusing of heavy metals has led to serious environmental pollution (Guo and Yang 2016; Huang et 27 

al. 2019). Chromium is commonly used in industrial production, and it has produced a large amount 28 

of chromium-containing wastewater mainly containing Cr(VI). Cr(VI) has high toxicity, 29 

carcinogenicity, mutagenic ability, non-biodegradability and long-lasting harm to the environment, 30 

and is extremely harmful to the natural environment and human beings (Helena. 2012). Chromium is 31 

mainly present as trivalent chromium (Cr(III)) and hexavalent chromium (Cr(VI)) in the water 32 

environment. However, their toxicity varies greatly. Cr(III) is an essential element, but Cr(VI) is one 33 

of the 8 most harmful chemicals in human body (Hamilton et al. 2018; Owlad et al. 2009). Scholars 34 

have also conducted more and more researches on chromium-containing wastewater treatment 35 

methods. The removal methods mainly include chemical precipitation (Jafari et al. 2013), 36 

electrochemical (Dharnaik and Ghosh 2014), ion exchange (Li and Hu 2012), membrane separation 37 

(Venkateswaran and Palanivelu 2005), biological method (Mamais et al. 2016) and adso (Liang et al. 38 

2019; Zhang et al. 2020; Khandelwal et al. 2019). Adsorption is the main method to remove Cr(VI) 39 

pollutants in water. Numerous adsorbents, such as activated carbon (Enniya et al. 2018; Rai et al. 40 

2016), fly ash (Jahangiri et al. 2018), chitosan (Fan et al. 2020), attapulgite rod (Quan et al. 2014), 41 

zeolite (Gaffer et al. 2017), and polymer (Krishnani et al. 2013) have been used.  However, most of 42 

them exhibit drawbacks, such as high-cost or low adsorption efficiency. Hence, a low-cost adsorbent 43 

with high removal efficiency is warranted. 44 

Molybdenum disulfide (MoS2) is a very typical layered mineral, which belongs to a hexagonal 45 

or diamond system and is the principal component of molybdenite. The layered structure of the MoS2 46 

layer has strong covalent bonds, but the layers are connected by a weak Van der Waals force, so the 47 

layers are easier to be peeled off (Chhowalla et al. 2013). Due to this unique structure and properties, 48 

it can be widely used in various fields, such as lubricant (Muratore and Voevodin 2006; Farsadi et al. 49 

2017), electrode materials (Feng et al. 2009). MoS2 has the advantages of large specific surface area 50 

and high reactivity, it can be used as a catalyst material (Ghanei and Taher 2018). In addition, MoS2 51 

has abundant exposure S atoms on the surface, and then sulfur has a strong adhesion to metals, 52 

making it hopeful for removing heavy metal ions from water environment (Jia et al. 2018; Chao et al. 53 

2014; Huang et al. 2018). However, as an adsorbent, molybdenum disulfide has the problem of 54 

insufficient adsorption sites. In order to improve the adsorption capacity of MoS2, it is usually used 55 

to introduce other functional groups (Chen et al. 2016; Yang et al. 2016) or to compound with other 56 
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materials (AghagoLi and Shemirani 2017; Lu et al. 2018). 57 

Polyethyleneimine(PEI) is a partially branched polymer containing primary, secondary, and 58 

tertiary amines, and it is a typical polyamine (Bao et al. 2020). It has high reactivity and has a large 59 

number of functional groups that can be combined with metal ions. PEI has a wide range of 60 

applications, but it is very soluble in water and has the disadvantages of separation and recovery 61 

difficulties and easy loss (Chen et al. 2014). The solution to this problem is to carry out grafting or 62 

cross-linking modification or to load PEI on other materials to form composite materials, therefore it 63 

is more suitable for environmental pollution treatment. For example, immobilizing soluble 64 

polyethyleneimine(PEI) nanoclusters within a macroporous cation exchange resin D001 to selective 65 

Cu(II) removal (Chen et al. 2010); preparing polyethyleneimine functionalized magnetic Fe3O4 using 66 

one-step solvothermal method to removal of Pb(II) in an aqueous medium (Jiang et al. 2016)[36]. 67 

Because PEI is very soluble in water, it can not be reused when it is used to remove metal ions 68 

from wastewater. Pure MoS2 nanomaterials have the defects of insufficient functional sites, their 69 

adsorption capacity for heavy metals is limited. Therefore, in this study, using flower molybdenum 70 

disulfide as a carrier, PEI/MoS2 composite adsorbent were prepared by immobilized PEI onto the 71 

surface of MoS2. The important influence factors, such as reaction time, solution pH, initial Cr(VI) 72 

concentration and solution temperature on PEI/MoS2 adsorption performance for Cr(VI) were 73 

studied. The adsorption mechanism and reusability of PEI/MoS2 was also discussed.  74 

2.Experimental 75 

2.1Materials 76 

The polyethyleneimine(MW=1800) was purchased from Macklin. Diphenyl carbamide was 77 

obtained from Sinopharm Chemical Reagent Co., Ltd. All other chemicals were of analytical grade 78 

from Xilong Chemical Co., Ltd. Deionized water was used throughout the experiment. K2Cr2O7 was 79 

used to prepare hexavalent chromium-containing solutions. 80 

2.2 Preparation of PEI/MoS2 composites adsorbent 81 

Certain amount of Na2MoO4•2H2O, thiourea (NH2CSNH2) and deionized water were added to a 82 

250 mL beaker and continuously stirred until a solution is obtained. Then the solution pH was 83 

adjusted to 1.5 using 6 mol.L-1 of hydrochloric acid. The obtained solution was placed in a 100 mL 84 

Teflon-lined stainless steel reaction kettle and reacted at 230 oC in an oil bath for 20 h. The product 85 
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was collected by centrifuged at 10,000 rpm, washed several times with ethanol and deionized water, 86 

and then dried under vacuum at 60 oC for 12 h. Therefore, flower molybdenum disulfide MoS2 was 87 

prepared. 88 

Prepare 100 mL PEI solutions with a concentration of 5, 10, 15, 20 and 25 mg mL-1. Certain 89 

amount of MoS2 was dispersed in the above PEI solutions and sonicated for 10 minutes, and then 90 

stirred at room temperature for 12 h, separated by suction filtration, washed the excess PEI with 91 

deionized water, and finally dried at 60 oC. MoS2 with different PEI loading ratios is recorded as 92 

PEI/MoS2-X(X=5, 10, 15, 20, 25). 93 

2.3 Characterization 94 

The morphology of MoS2 and PEI/MoS2 composites adsorbent was observed using scanning 95 

electron microscope (SEM, Hitachi S-3400N) and transmission electron microscope (TEM, 96 

JEM-2100). The physico-chemical property of MoS2 and MoS2-PEI-10 was analyzed by 97 

Fourier-transformed infrared spectroscopy (FTIR, Necolet360) and X-ray Diffraction (XRD, D8 98 

Advance). X-ray photoelectron spectroscopy (XPS, K-Alpha+) were performed to determine the 99 

surface composition of the adsorbents. The specific surface area of PEI/MoS2 composites adsorbent 100 

was studied by the Brunauer-Emmett-Teller (BET) with an N2-adsorpmeter.  101 

2.4 Adsorption experiments 102 

K2Cr2O7 was used to prepare different concentrations of Cr(VI) solution. Then, appropriate 103 

Cr(VI) solutions were added to 50 mL polyethylene vials, and kept PEI/MoS2  composites 104 

adsorbent dose of 0.1g L-1 and shaken for enough time at 25 oC in the shaker. Finally, the solutions 105 

were centrifuged separation. The supernate were measured by 1,5-diphenylcarbohydrazide 106 

spectrophotometric method using UV-vis spectrophotometer (λmax=540 nm) to observe Cr(VI) 107 

concentrations. The adsorption amounts of PEI/MoS2 composites adsorbent were calculated by the 108 

following equation. 109 

qe = (C0-Ce)v/m                                        (1) 110 

where C0 and Ce (mg L−1) are the initial concentrations and equilibrium concentrations of Cr(VI) 111 

solution, respectively; V(mL) is the volume of Cr(VI) solutions; and m(mg) is the dry weight of 112 

PEI/MoS2 composites adsorbent. 113 

3. Results and discussion 114 
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3.1 Characterization 115 

 116 

3.1.1 SEM and TEM study 117 

Fig. 1(a) shows that the size of the flower MoS2 is about 200 nm. It is composed of many 118 

ultrathin nanosheets with a thickness of several nanometers. From Fig. 1 (a), we also can see that the 119 

surface of flower MoS2 is smooth and has a certain degree of curling, which makes it have a larger 120 

surface area and more adsorption sites. After loading PEI, as shown in Fig. 1 (b), the PEI/MoS2-10 121 

surface became rough. It can be clearly seen in Fig. 1(c) and (d) that the PEI/MoS2-10 nanosheets 122 

become thicker after loading PEI. This indicates that PEI has been successfully loaded onto the MoS2 123 

surface.   124 

 125 

Fig. 1 SEM images of: (a)MoS2, (b)PEI/MoS2-10; TEM images of: (c)MoS2, (d)PEI/MoS2-10 126 

3.1.2 XRD analysis 127 
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XRD images of MoS2 and PEI/MoS2-10 composites are exposed in Fig. 2. It can be seen that 128 

the diffraction peaks of the sample are 13.9°, 32.7°, 39.4° and 58.7°, which correspond to the 129 

positions of the characteristic diffraction peaks (002), (100), (103) and (110) in the molybdenum 130 

disulfide standard card (PDF#75-1539), respectively. This indicates that MoS2 was successfully 131 

synthesized and highly crystallized. The diffraction peak position and peak intensity of XRD of 132 

MoS2-PEI-10 are consistent with those of MoS2, which indicates that the loading of PEI will not 133 

affect the structure of MoS2. 134 

 135 

Fig. 2 XRD patterns of MoS2 and PEI/MoS2-10 composites 136 

3.1.3 FTIR characterization 137 

Fig. 3 shows the FTIR spectra of MoS2 and MoS2-PEI-10. The stretching vibration of Mo-S and 138 

stretching vibration of C-N in the thiourea and PEI framework can be seen in the 560 cm-1 and 1384 139 

cm-1 respectively (Guo et al. 2020). The absorption peaks of amide groups were observed at 1520 140 

and 1634 cm-1 (Geng et al. 2019), and the characteristic peaks appearing at 2960 cm-1 were related to 141 

the methylene of PEI, which proved that PEI has been successfully loaded on the MoS2. O-H 142 
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stretching vibration can be seen at 3432 cm-1, which may be physically adsorbed water molecules[38]. 143 

 144 

Fig. 3 FTIR spectra of MoS2 and PEI/MoS2-10 145 

 146 

3.1.4 BET analysis 147 

The specific surface area of adsorbent directly affects the contact probability between the 148 

adsorbent and the target adsorbate, and the larger the specific surface area, the greater the contact 149 

probability. The specific surface area of MoS2, PEI/MoS2-10, PEI/MoS2-15, PEI/MoS2-20 and 150 

PEI/MoS2-25 were analyzed and shown in Fig. 4. The specific surface areas of them are  94.663 m2 151 

g-1, 122.973 m2 g-1, 45.466 m2 g-1, 40.234 m2 g-1 and 39.257 m2 g-1, respectively. The specific surface 152 

areas of PEI/MoS2-10 is largest. This is because the proper loading of PEI increases the specific 153 

surface area and provides more adsorption sites. However, excessive loading of PEI on the MoS2 led 154 

to sharp decrease of surface area, which results in the blocking of the lamellar gap of MoS2 by the 155 

PEI. 156 
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 157 

Fig. 4 Nitrogen adsorption-desorption isotherms of MoS2 and MoS2-PEI-X 158 

3.2 Effect of PEI loading on Cr(VI) adsorption 159 

In order to study the effect of PEI loading on Cr(VI) adsorption performance of PEI/MoS2 160 

composites adsorbent, we selected five different PEI loadings of PEI/MoS2 as adsorbent for Cr(VI) 161 

adsorption experiment. As shown in Fig. 5, we can see that adsorption capacity of PEI/MoS2 for 162 

Cr(VI) was significantly improved after PEI was loaded on MoS2. When PEI is loaded on MoS2, 163 

many amino groups (-NH2) and imino groups (-NH) on PEI are also introduced into PEI/MoS2, thus 164 

enhancing the adsorption capacity of PEI/MoS2 for Cr (VI) ions. When further increasing of PEI 165 

loading from PEI/MoS2-10 to PEI/MoS2-25, the adsorption capacity of PEI/MoS2-X also decreased, 166 

which was due to the decrease of the exposed adsorption sites of the PEI/MoS2-X composite 167 

adsorbent due to the excessive PEI loading, which can be proved by BET analysis. In the following 168 

experiments, PEI/MoS2-10 was selected for in subsequent experiments. 169 
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 170 

Fig. 5 Effect of PEI loading on PEI/MoS2-X composites adsorbent on Cr(VI) adsorption 171 

3.3 Adsorption kinetics 172 

Fig. 6 shows the changing of adsorption capacity PEI/MoS2-10 in Cr(VI) solutions with an 173 

initial concentration of 30, 50 and 70 mg L-1. It is shown that the adsorption capacity of 174 

PEI/MoS2-10 for Cr(VI) increased sharply within the first hour, and then increased slowly with the 175 

adsorption time. This is can be attributed the amino group (-NH2) and imino group (=NH) on the 176 

surface of the PEI/MoS2-10 provided a large number of adsorption sites at the beginning of the 177 

adsorption, and the concentration of Cr(VI) in the solution was also at the maximum state. At this 178 

time, there is a large concentration difference between solvent and the solute, and the adsorption 179 

driving force is large. With the increase of the adsorption time, the increase of the adsorption amount 180 

is slow because the concentration difference decreases and the driving force weaken. And then the 181 

equilibrium state is basically reached after 8 h of adsorption. Therefore, the subsequent experiments 182 

used 8 h as the adsorption time for the adsorption equilibrium. 183 
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 184 

Fig. 6 Effect of adsorption time on Cr(VI) adsorption by PEI/MoS2-10 at temperature of 25oC 185 

 186 

In order to understand better the adsorption behaviors, the quasi-first-order and 187 

quasi-second-order kinetic model were used to fit and analyze the adsorption kinetic data. 188 

Quasi-first-order dynamic model equation: 189 

qt = qe(1-e-k
1

t)                                                   (2) 190 

Quasi-second-order dynamic model equations: 191 

t/qt = 1/k2qe
2 + t/qe                                               (3) 192 

Where qe(mg g-1) is the adsorption amount at equilibrium; qt(mg g-1) is the adsorption amount at 193 

time t; k1(min-1) is the rate constant of the quasi-first-order kinetic model; k2(g mg-1 min-1) is the rate 194 

constant of the quasi-second-order kinetic model. 195 

The fitting results are shown in table 1. It indicates that the correlation coefficient of 196 

quasi-second-order kinetics is significantly higher than that of quasi-first-order kinetics, and the 197 

calculated equilibrium adsorption capacity is closer to the actual test results. Therefore, the 198 
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quasi-second-order kinetic model is more suitable for describing the process of PEI/MoS2-10 199 

adsorption of Cr(VI), which indicates that chemical adsorption is a rate-limiting step. 200 

Table 1  201 

Kinetic parameters of Cr (Ⅵ) adsorption by PEI/MoS2-10 202 

  quasi-first-order kinetic 

model 

 quasi-second-order kinetic model 

Co(mg L-1) qexp(mg g-1) qcal k1 R2  qcal(mg g-1) K2 R2 

30 118.6 108.3 1.05731 0.9482  122.6 0.01338 0.9884 

50 138.6 129.0 1.31280 0.9465  144.7 0.01390 0.9919 

70 168.8 156.8 1.52268 0.9373  175.6 0.01259 0.9920 

3.4 Effect of pH on Cr(VI) adsorption 203 

The solution pH is one of the important factors affecting the adsorption behavior of the 204 

adsorbent, because it affects the existence of metal ions in the aqueous solution as well as the charge 205 

density on the surface of the adsorbent. There are five main forms of Cr(VI) in aqueous solution 206 

Cr2O7
2-, HCr2O7

-, CrO4
2-, HCrO4

- and H2CrO4, according the different solution pH. When 2 < pH < 6, 207 

Cr(VI) mainly exists in the form of HCrO4
- and Cr2O7

2-; pH > 6, it mainly exists in the form of 208 

CrO4
2-[38]. The effect of solution pH on Cr(VI) adsorption by the PEI/MoS2-10 composite adsorbent 209 

is shown in Fig. 7. When the solution pH = 2, the adsorption amount of PEI/MoS2-10 to Cr(VI) 210 

reached the maximum, and the adsorption amount decreased as the pH value increased. This is 211 

because the amino group (-NH2) on the surface of PEI/MoS2-10 will be protonated (-NH3+) at a low 212 

pH value, making the surface of the PEI/MoS2-10 positively charged, and then the electrostatic force 213 

between PEI/MoS2-10 and negatively charged Cr(VI) is enhanced. As shown in Fig. 8,  PZC of 214 

PEI/MoS2-10 is 5.6. With the increase of solution pH value( higher than 5.6), the surface group of 215 

PEI/MoS2-10 is deprotonated, resulting in the surface of PEI/MoS2-10 to be negatively charged and 216 

causing electrostatic repulsion with the anion form of Cr(VI). In addition, a large amount of OH- will 217 

competes with the negatively charged Cr(VI) for adsorption sites on the surface of PEI/MoS2-10 218 

(Saha and Orvig 2010), which greatly reduces the amount of Cr(VI) adsorption. 219 
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 220 

Fig. 7 Effect of solution pH on Cr(VI) adsorption by PEI/MoS2-10, temperature of 25oC, adsorption 221 

time of 6 h 222 
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 223 

Fig. 8 PZC of PEI/MoS2-10 224 

3.5 Competitive adsorption 225 

 There are many kinds of metal ions in water samples at the same time, so it is very meaningful 226 

to study the change of adsorption performance of PEI/MoS2-10 for Cr(VI) in the presence of 227 

multiple ions. In this experiment, Co(II), Zn(II) and Cd(II) were selected as coexist ions to explore 228 

the change of adsorption performance of PEI/MoS2-10 for Cr(VI). Fig. 9 shows the effect of coexist 229 

ions on the adsorption properties of PEI/MoS2-10. Due to the influence of coexisting ions, the 230 

adsorption capacity of PEI/MoS2-10 for Cr(VI) decreased slightly, which was due to the co-exist ion 231 

competition for adsorption sites. However, compared with the other three metal ions, PEI/MoS2-10 232 

still shows strong selectivity for Cr(VI). This is because PEI/MoS2-10 has a large number of amino 233 

and imino groups. These groups are protonated at low pH value, which makes the surface positively 234 

charged and easier to combine with negatively charged Cr(VI) through electrostatic interaction, 235 

while Co(II), Zn(II) and Cd(II) in solution coexist in the form of Co2 +, Zn2 + and Cd2 +, it can 236 

combine with amino group and imino group through complexation reaction, thus occupying the 237 
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adsorption site. However, it has electrostatic repulsion with protonated PEI/MoS2-10, so the 238 

adsorption capacity is low. 239 

 240 

Fig. 9 Effect of interference ion on Cr (VI) adsorption by PEI/MoS2-10, solution pH of 2, 241 

temperature of 25oC, adsorption time of 6 h 242 

3.6 Adsorption isotherms  243 

Fig. 10 shows the effect of initial concentration of Cr(VI) aqueous solution on the adsorption 244 

capacity. It shows that the adsorption amount is smaller at a lower Cr(VI) concentration. The possible 245 

reason is that the binding site on PEI/MoS2-10 cannot be fully utilized at a lower ion concentration. 246 

When the initial concentration of Cr(VI) solution increases, the adsorption capacity of Cr(VI) 247 

increases with the full use of the binding sites on PEI/MoS2-10. 248 

In this study, Freundlich and Langmuir isotherm model are used to fit the experimental data of 249 

Cr(VI) adsorption. The Langmuir isotherm model assumes monolayer adsorption, and the adsorption 250 

sites on the adsorbent surface are evenly distributed. The Freundlich isotherm adsorption model 251 

describes heterogeneous adsorption, assuming that the molecular layer adsorbs and that the 252 
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adsorption sites are unevenly distributed on the surface of the adsorbent. 253 

Freundlich isotherm adsorption model: 254 

qe=kFce
1/n                                         (4) 255 

            lnqe=(1/n)lnce+lnkF                                 (5) 256 

Langmuir isotherm adsorption model: 257 

qe=kLqmaxce/(1+klce)                                 (6) 258 

ce/qe=ce/qmax+1/(klqmax)                               (7) 259 

Where ce and qe represent the solution concentration (mg L-1) and adsorption amount (mg g-1) at 260 

the adsorption equilibrium state; qmax represents the adsorption capacity of the adsorbent(mg g-1); 261 

kF(mg g-1.(L mg-1)1/n) and 1/n represent Freundlich adsorption constants, respectively, represents 262 

adsorption capacity and adsorption strength; kL(L mg-1) represents the Langmuir adsorption constant. 263 

The fit results of the adsorption data for the Freundlich and Langmuir isotherm models are 264 

shown in table 2. Judging by the values of R2, Freundlich (0.9859) is closer to 1 than Langmuir 265 

(0.9456), means that the adsorption of Cr(VI) by PEI/MoS2-10 is more in line with Freundlich 266 

isothermal model. It belongs to multi-layer adsorption, and the adsorption sites are unevenly 267 

distributed on the surface of the adsorbent. And 1/n = 0.44 < 1, indicating that the reaction is easy to 268 

proceed. 269 
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 270 

Fig. 10 Effect of initial Cr(VI) concentration on adsorption by PEI/MoS2-10, solution pH of 2, 271 

temperature of 25oC, adsorption time of 6 h 272 

Table 2  273 

Freundlich and Langmuir isotherm parameters 274 

Freundlich  Langmuir 

kF(mg g-1.(L mg-1)1/n) 1/n R2  qmax (mg g-1) kL(L mg-1) R2 

23.29 0.44 0.9859  208.75 0.038 0.9456 

3.7 Adsorption thermodynamics 275 

Fig. 11 shows the PEI/MoS2-10 adsorption capacity at the temperature of 25, 30, 35, 40 and 276 

45oC. The adsorption of Cr(VI) ions by PEI/MoS2-10 increased with the increase of temperature, 277 

which indicated that the increase of the solution temperature was beneficial to the reaction. 278 

The thermodynamic properties were determined using three thermodynamic data of entropy 279 

change (ΔS0), enthalpy change (ΔH0) and Gibbs free energy (ΔG0). The calculation formula is as 280 

follows: 281 
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ln(qe/ce) = -ΔH / RT +ΔS / R                                       (8) 282 

ΔG =ΔH – TΔS                                                  (9) 283 

Where R(8.3145 J.mol-1.K-1) represents the ideal gas constant, T(K) represents the absolute 284 

temperature. The values of ΔH and ΔS can be calculated from the slope and intercept of the straight 285 

line obtained by plotting ln(qe/ce) against 1/T. 286 

Table 3 show the calculation results that ΔG<0 show the adsorption process is feasible and 287 

spontaneous, and that the ΔG value decreases as the temperature increases, indicating that the 288 

temperature increase is conducive to the progress of the reaction; ΔH>0, indicating that the 289 

adsorption process of Cr(VI) by PEI/MoS2-10 is an endothermic reaction, and the increase in 290 

temperature is favorable for the adsorption; ΔS>0, indicating that the disorder increased during the 291 

adsorption process. 292 

 293 

Fig. 11 Effect of temperature on Cr(VI) adsorption, T = 6 h, initial Cr(VI) is 30, 50, 70 mg L-1 294 

 295 

 296 
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Table 3  297 

Thermodynamics parameters 298 

co(mg.L-1) Temperature(K) ΔGo(kJ.mol-1) ΔHo(kJ.mol-1) ΔSo(J.mol-1.k-1) 

30 

 

 

298 -3.1487 32.8197 120.70 

303 -3.7521   

308 -4.3556   

313 -4.9591   

318 -5.5626   

50 

 

 

298 -2.7602 25.4063 94.52 

303 -3.2327   

308 -3.7053   

313 -4.1779   

318 -4.6505   

70 

 

 

298 -2.0776 24.9092 90.56 

303 -2.5304   

308 -2.9832   

313 -3.4360   

318 -3.8888   

3.8 Reusability Test 299 

The regeneration performance of the PEI/MoS2-10 composite adsorbent was performed at a 300 

solution pH=2 and an initial Cr(VI) concentration o of 50 mg L-1. After adsorption equilibrium, 301 

PEI/MoS2-10 was repeatedly eluted three times with a 0.1 mol L-1 NaOH solution, washed several 302 

times with deionized water till to neutrality, and then dried for the next adsorption experiment. 303 

Repeat the adsorption-desorption four times, and the results are shown in Fig. 12. It indicated that 304 

PEI/MoS2-10 own high reusability. 305 
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 306 

Fig. 12 Cyclic tests of PEI/MoS2-10, T = 6 h, temperature of 25oC, initial Cr(VI) is 50 mg L-1 307 

3.9 Adsorption mechanism 308 

Fig. 13 shows the XPS characterization spectrum of Cr 2p after Cr(VI) adsorption by 309 

PEI/MoS2-10. 587.63 eV and 586.57 eV correspond to the Cr 2p1/2 orbit and 578.12 eV and 577.08 310 

eV correspond to the Cr 2p3/2 orbit. The deconvolution of Cr2p XPS peaks was assigned to the peak 311 

at 587.63 eV , 578.12 eV for Cr(VI) and 586.57 eV, 577.08 eV for Cr(III). Cr(VI) is adsorbed on the 312 

surface of PEI/MoS2-10 through the hydrogen bonding and electrostatic interaction of amino and 313 

imino groups. The existence of Cr(III) indicates that some Cr(VI) ions adsorbed on the surface of 314 

PEI/MoS2-10 were partially reduced to Cr(III) ions. This is because the nitrogen atoms in the amino 315 

and imino groups on the surface of the PEI/MoS2-10 have lone pair electrons and have a certain 316 

reducing property, which can reduce the Cr (VI) ions adsorbed on the surface to Cr (III) ions. 317 

Therefore, it is speculated that the adsorption process is: (1) the positively charged amino and imino 318 

groups adsorb the negatively charged Cr(VI) in the solution to the surface of PEI/MoS2-10 through 319 

electrostatic interaction; (2) the adsorbed Cr(VI) ) ions are reduced to Cr(III) ions by amino and 320 
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imino groups. Its adsorption process is shown below. 321 

-NH2 + H3O
+ + HCrO4

- → -NH3
+┄HCrO4

- + H2O                     (10) 322 

= NH + H3O
+ + HCrO4

- → =NH2
+┄HCrO4

- + H2O                    (11) 323 

HCrO4
- + 3e+ + 7 H+ → Cr3+ + 4H2O                               (12) 324 

Cr2O7
2- + 6e+ + 7 H+ → 2Cr3+ + 7H2O                              (13) 325 

 326 

Fig. 13 Binding spectrum of Cr 2p containing chromium 327 

4. Conclusion 328 

In this study, PEI/MoS2 composites were successfully prepared by modifying the flower MoS2 329 

with polyethyleneimine (PEI). The experimental results show that PEI/MoS2-10 has strong Cr(VI) 330 

ion enrichment ability. When the solution temperature is 25℃, the solution pH is 2 and the initial 331 

Cr(VI) concentration is 50 mg L-1, the adsorption amount of Cr(VI) ions by PEI/MoS2-10 is 120.7 332 

mg g-1 and the equilibrium time is 8 h. Adsorption kinetics can be described by a quasi-second-order 333 

kinetic model, and adsorption process conforms to the Freundlich isotherm model. The adsorption 334 

process is a spontaneous endothermic process, and the favorable reaction occurs when the 335 
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temperature is raised. The successive adsorption-desorption experiments indicated that the 336 

MoS2-PEI-10 is promising for removing and recovering Cr(VI) ions from the aqueous solution.  337 
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Figures

Figure 1

SEM images of: (a)MoS2, (b)PEI/MoS2-10; TEM images of: (c)MoS2, (d)PEI/MoS2-10



Figure 2

XRD patterns of MoS2 and PEI/MoS2-10 composites



Figure 3

FTIR spectra of MoS2 and PEI/MoS2-10



Figure 4

Nitrogen adsorption-desorption isotherms of MoS2 and MoS2-PEI-X



Figure 5

Effect of PEI loading on PEI/MoS2-X composites adsorbent on Cr(VI) adsorption



Figure 6

Effect of adsorption time on Cr(VI) adsorption by PEI/MoS2-10 at temperature of 25oC



Figure 7

Effect of solution pH on Cr(VI) adsorption by PEI/MoS2-10, temperature of 25oC, adsorption time of 6 h



Figure 8

PZC of PEI/MoS2-10



Figure 9

Effect of interference ion on Cr (VI) adsorption by PEI/MoS2-10, solution pH of 2, temperature of 25oC,
adsorption time of 6 h



Figure 10

Effect of initial Cr(VI) concentration on adsorption by PEI/MoS2-10, solution pH of 2, temperature of
25oC, adsorption time of 6 h



Figure 11

Effect of temperature on Cr(VI) adsorption, T = 6 h, initial Cr(VI) is 30, 50, 70 mg L-1



Figure 12

Cyclic tests of PEI/MoS2-10, T = 6 h, temperature of 25oC, initial Cr(VI) is 50 mg L-1



Figure 13

Binding spectrum of Cr 2p containing chromium


