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a b s t r a c t

Cr(VI), one of the most hazardous metal pollutants, poses significant threats to the environment and hu-

man health. Herein, a novel MoS2 composite (MoS2/PVP/PAM) modified by polyvinylpyrrolidone (PVP)

and polyacrylamide (PAM) was synthesized to enhance the removal of Cr(VI). Characterization analysis

including SEM, XRD, FTIR, and XPS indicated that PVP and PAM could increase the interlayer spacing

and the dispersibility of MoS2, and introduce pyrrolic N and amino functional groups. The batch exper-

iments showed that MoS2/PVP/PAM represented excellent Cr(VI) removal performance over a wide pH

range, and exhibited a significantly higher maximum Cr(VI) adsorption capacity (274.73mg/g, at pH 3.0,

and 298K) than pure MoS2. The adsorption of Cr(VI) followed Langmuir and pseudo-second-order kinetic

model, which was a homogeneous monolayer chemisorption process. MoS2/PVP/PAM showed stable re-

moval of Cr(VI) in the presence of humic acid (HA), interfering cations and anions at different concentra-

tions. Moreover, it had excellent selectivity for Cr(VI) (Kd value of 1.69× 107 mL/g) when coexisting with

a variety of competing ions. Multiple characterization revealed that Cr(VI) was reduced to low toxicity

Cr(III) by Mo4+ and S2−, and then chelated on the surface of the adsorbent by pyrrolic N. This research

expanded the design concept for MoS2 composites by demonstrating the potential of MoS2/PVP/PAM as

a promising material for selective elimination of Cr(VI) in water.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In light of the rapid development of urbanization and industri-

alization, the excessive emission of various harmful heavy metals

(including Pb, Cu, Hg, Cd and Cr) into the environment has be-

come a global concern [1]. Among them, chromium (Cr) is one

of the most typical pollutants, which is widely found in indus-

trial wastewater generated by metallurgy, electroplating, tanning,

textile, and other industries [2]. Cr(III) and Cr(VI) are the two

most prevalent chromium forms in the environment. Among them,

Cr(III) is one of the essential trace elements for human health, as

it can help to regulate blood sugar and lower cholesterol levels

[3]. Nevertheless, Cr(VI) is one of the three metals that are recog-

nized internationally as being carcinogenic, because of its harmful

effects on human health such as skin, kidney and liver diseases,

as well as the elevated risk of genetic damage (e.g., cancer, fetal

malformations) [4,5]. Cr(VI) is listed as the first type of pollutant
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in China’s industrial wastewater discharge standards [6]. Therefore,

it has become a critical environmental issue to effectively remove

Cr(VI) from wastewater.

To date, there are a number of technologies developed for Cr(VI)

removal from water, such as membrane filtration [7], chemical pre-

cipitation [8], photocatalysis [9], ion exchange [10], electrochem-

istry [11], and adsorption [12]. Due to the low operating costs, ease

of operation, and high efficiency, the adsorption method gained ex-

tensive interest [13]. Conventional adsorbents such as metal ox-

ides [14], zeolite [15], clay [16], and activated carbon [17] have

been used extensively for Cr(VI) adsorption. However, they gen-

erally have low selectivity and adsorption capacity. It is therefore

crucial to develop adsorbents with excellent selectivity and adsorp-

tion capacity.

As one of the typical representatives of transition metal sulfide,

the two-dimensional molybdenum disulfide (MoS2) has shown

great promise in numerous environmental applications [18,19].

MoS2 has been applied to remove heavy metal ions and organic

https://doi.org/10.1016/j.cclet.2023.109130
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contaminants due to its abundant sulfur active sites, large specific

surface area, and remarkable chemical stability [20,21]. The inher-

ent S atom on the surface of MoS2, as a soft base, can effectively

remove heavy metal ions such as Pb(II), Hg(II), and Cu(II) in wa-

ter through the Lewis soft acid-soft base interaction. Furthermore,

MoS2 can potentially transform Cr(VI) to low toxicity Cr(III) in so-

lution under protonation conditions due to its significant protona-

tion ability and strong electron transfer potential [22]. However,

it remains a great challenge to apply MoS2 for removing Cr(VI)

from water. MoS2 tends to agglomerate and interlayer stacking be-

cause of the high surface energy associated with the interlayer van

der Waals forces, which reduce the specific surface area and active

sites for removing Cr(VI) [23,24]. In addition, the removal efficiency

of MoS2 for Cr(VI) is not satisfactory due to the lack of active func-

tional groups to adsorb Cr(VI).

In recent years, the polyvinylpyrrolidone (PVP) and polyacry-

lamide (PAM) as polymer materials have drawn increased attention

due to their low cost, excellent environmental stabilization, out-

standing capacitance performance, and prominent biological com-

patibility [22]. The dispersibility and stability of MoS2 are im-

proved by coating with high molecular polymer [25]. During the

hydrothermal synthesis process, PVP, a typical nonionic surfactant,

may preferentially adsorb on the specific crystal planes of mate-

rials, preventing restacking and improving the structural stability

of MoS2 layers [26–28]. PAM is a cationic surfactant with large

molecular weight and hydrophilic groups that can improve the

dispersibility of materials in highly polar solvents [29]. In addi-

tion, considering that PVP and PAM contain rich amide and amino

groups, they can combine with anions such as CrO4
2− and HCrO4

−,
thus providing abundant adsorption sites to effectively capture

Cr(VI) ions from the mixture. By adding PVP and PAM to improve

the dispersibility of MoS2, increasing the exposure of S atoms, and

introducing amide and amino functional groups, the removal abil-

ity of MoS2 to Cr(VI) will be effectively improved.

Here, Cr(VI) was removed from wastewater using MoS2 com-

posites with PVP and PAM co-modifications (MoS2/PVP/PAM),

which were synthesized using an efficient hydrothermal process.

The existence of PVP and PAM can prevent MoS2 from agglom-

erating and promote its dispersity while providing more binding

sites for Cr(VI). Batch experiments were used to thoroughly inves-

tigate the effects of several environmental variables on Cr(VI) elim-

ination, including pH, contact time, temperature, coexisting ions,

and humic acid. Besides, X-ray photoelectron spectroscopy (XPS)

was utilized to probe the Cr(VI) reaction mechanism. Overall, this

investigation provided new insight into removing Cr(VI), and also

broadened the modification methods of MoS2 composites.

The preparation process for MoS2/PVP/PAM was described in

detail in Supporting information. SEM and TEM characterization

were performed to observe the material morphology. As depicted

in Fig. 1a, MoS2 was a corrugated nanoflower structure formed

from thousands of nanosheets and was in an agglomerated state.

After doping PVP and PAM (Figs. 1b-d), MoS2/PVP, MoS2/PAM,

and MoS2/PVP/PAM had similar morphologies, and were randomly

stacked by sheet-like structures. As shown in Figs. 1e-h, the

dispersibility of MoS2/PVP/PAM was significantly improved, and

the edges became thinner and more transparent, indicating that

MoS2/PVP/PAM had an ultrathin nanosheet morphology. The re-

sults suggested that PVP and PAM had a synergistic effect on im-

proving the dispersion of MoS2. The HRTEM images (Figs. 1i-l)

revealed clear MoS2/PVP/PAM lattice fringes with adjacent lattice

spacings of 7.2 and 2.7 Å, which corresponded to the d-spacing of

(002) and (100) lattice planes for MoS2 [30]. Besides, the (002)

spacing of the MoS2/PVP, MoS2/PAM, and MoS2/PVP/PAM increased

to 7.2, 6.9, and 7.2 Å, respectively, which was greater than that of

pure MoS2 (6.5 Å), possibly as a result of PVP and PAM adsorption

into MoS2 layers during the hydrothermal synthesis process, and

PVP had a more significant impact on increasing the layer spacing

of MoS2 compared with PAM. The expanded interlayer spacing can

not only provide a channel for ion diffusion and transport, but also

offer a large number of active sites, potentially enhancing Cr(VI)

removal. Furthermore, the elemental mapping images (Fig. 1m) re-

vealed that the elements C, N, S, Mo, and O were homogeneously

distributed across the MoS2/PVP/PAM surface.

Fig. S1a (Supporting information) showed the XRD patterns of

various materials. The obvious characteristic peaks at 2θ =13.44°,
32.17°, 35.18°, and 57.51° were attributed to the MoS2 lattice planes

(002), (100), (102), and (110), respectively [3]. After modifica-

tion, the characteristic peak position of the (002) lattice plane

was moved from 13.44° to 12.25°, which was attributed to the

intercalation of PVP and PAM into MoS2 layers and led to lat-

tice expansion [31]. It was in consistency with the increased in-

terlayer spacing in HRTEM pictures that the interlayer spacing

of MoS2/PVP/PAM (7.22 Å) was greater than that of pure MoS2
(6.58 Å), exposing previously unavailable sulfur atoms.

The functional groups of prepared composites were confirmed

by FTIR spectroscopy. According to Fig. S1b (Supporting informa-

tion), the stretching vibration of Mo-S was responsible for an ab-

sorption peak in the spectra of MoS2 at 615.19 cm−1 [30]. The

peaks at 899.97, 1019.07, 1104.18, and 1397.48 cm−1 were associ-

ated with the Mo–O, S–O, C–O–C, and C–OH vibrations [32]. The

peaks at 1596.04 and 3413.15 cm−1 were responsible for the bend-

ing and stretching vibrations of O–H in adsorbed water molecules

[31]. As for MoS2/PVP/PAM composites, the bands at 1225.38,

1484.94, and 1619.42 cm−1 corresponded to the stretching vibra-

tion of C–N, C–C ring, and C=O from the amide functional group

in PVP and PAM, respectively [33,34]. The above analysis con-

firmed that PVP and PAM with abundant amide and amino groups

were successfully doped into the composites. The introduction of

amide and amino functional groups will help to further improve

the Cr(VI) elimination capacity of MoS2/PVP/PAM.

Furthermore, according to BET analysis, the total volume of

pores and BET specific surface area of MoS2, MoS2/PVP, MoS2/PAM,

and MoS2/PVP/PAM were 0.075, 0.080, 0.057, 0.086 cm3/g, and

23.14, 34.04, 21.70, 35.41 m2/g, respectively (Figs. S1c and d in Sup-

porting information). In comparison to MoS2 and other modified

materials, MoS2/PVP/PAM had a greater pore volume and specific

surface area, showing that PVP and PAM had a synergistic effect on

preventing the aggregation of MoS2 in the aqueous solution. Com-

pared with MoS2 (26.24nm), the pore diameter of MoS2/PVP/PAM

(38.34nm) increased (Table S1 in Supporting information), which

was beneficial to improve diffusion and accelerate the Cr(VI) ad-

sorption. Therefore, this method effectively improved the dispersity

of MoS2/PVP/PAM, and more potential active sites for Cr(VI) ad-

sorption were exposed, which was favorable for heavy metal ions

removal.

In general, solution pH had a significant impact on adsorp-

tion performance. As depicted in Fig. S2a (Supporting informa-

tion), the removal efficiency improved gradually as the pH de-

creased, suggesting that the acidic condition was conductive to

Cr(VI) removal. MoS2/PVP/PAM composites had an evident im-

provement in adsorption capacity from 95.44mg/g (pH 11.0) to

212.28mg/g (pH 3.0). As shown in Fig. S2b (Supporting in-

formation), HCrO4
− and Cr2O7

2− were the predominant Cr(VI)

species in the pH 2.0–6.0 range, while CrO4
2− was the domi-

nant specie at pH > 6.0, and H2CrO4 was negligible in the range

of pH 2.0–12.0 [35]. HCrO4
− required less adsorption free en-

ergy and utilized fewer adsorption sites than CrO4
2−, so it was

more readily adsorbed on materials. HCrO4
− and Cr2O7

2−, which

are oxidizing ions, can react with the reducing functional group

(S-Mo-S) on the surface of MoS2/PVP/PAM under protonation con-

ditions at low pH [13]. Nevertheless, because of the deprotonation

on the MoS2/PVP/PAM surface, the negative charge density of the
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Fig. 1. SEM, TEM, and HRTEM images. (a-d) SEM images for MoS2, MoS2/PVP, MoS2/PAM, and MoS2/PVP/PAM, respectively. (e-h) TEM images for MoS2, MoS2/PVP, MoS2/PAM,

and MoS2/PVP/PAM, respectively. (i-l) HRTEM images for MoS2, MoS2/PVP, MoS2/PAM, and MoS2/PVP/PAM, respectively. (m) Elemental mapping images of MoS2/PVP/PAM.

adsorbent surface grew as the solution pH increased, which sig-

nificantly increased the electrostatic repulsion force between ad-

sorbents and CrO4
2−, and caused the removal efficiency to decline

at high pH. Furthermore, the hydroxyl group and Cr(VI) competed

for binding sites, which also led to the decline of removal per-

formance under alkaline conditions. Thus, the adsorbent surface

characteristics and Cr(VI) chemical species, which were affected

by the change of solution pH change, lead to a significant de-

crease in Cr(VI) elimination efficiency as pH increased. Considering

that, many chromium-contained wastewaters, such as electroplat-

ing wastewater and metal pickling wastewater, were acidic [23].

Therefore, the ideal pH for subsequent experiments was pH 3.0.

Although the four composites showed high removal efficiency

in acidic solution, the Cr(VI) removal advantage of MoS2/PVP/PAM

over the others gradually became prominent as pH increased.

At pH 11.0, the adsorption capacity of MoS2/PVP/PAM was 2.30,

1.46, and 1.41 times higher than that of MoS2, MoS2/PVP, and

MoS2/PAM, respectively. The zeta potentials of all prepared mate-

rials were negative at all pH values (Fig. S3 in Supporting informa-

tion). The removal effect of materials was related to various fac-

tors, such as specific surface area and surface functional groups.

After simultaneous modification with PVP and PAM, the variety of

functional groups on the surface of the materials was abundant,

resulting in improved removal performance at different pH. The re-

sults showed that MoS2/PVP/PAM maintained a high removal rate

in acid and alkali solutions, and had great potential in practical ap-

plication.

To examine the removal capacities of the prepared compos-

ites, the Langmuir and Freundlich models were devoted to in-

vestigate the interaction between Cr(VI) and adsorbents. Eqs. S2

and S3 (Supporting information) describe the equations of the

Langmuir and Freundlich models, respectively. Figs. 2a and b dis-

played the fitting diagrams of Langmuir and Freundlich adsorption

isotherm of Cr(VI) from different materials, and Table S2 (Sup-

porting information) provided the relevant parameters. For the

four adsorptions, the Langmuir model was superior to the Fre-

undlich model for Cr(VI) adsorption, demonstrating that the Cr(VI)

elimination process was monolayer adsorption on composites. The

maximum adsorption capacity of MoS2, MoS2/PVP, MoS2/PAM, and

MoS2/PVP/PAM at 298K for Cr(VI) reached 180.18, 236.97, 203.67,

and 274.73mg/g, respectively. It could be speculated that both the

pyrrolic N in PVP and amine in PAM promoted the elimination

ability of Cr(VI) from MoS2/PVP/PAM, which was verified by XPS

spectra. In addition, the 1/n value was between 0 and 0.5, sug-

gesting that the adsorption process was favorable for chemisorp-

tion [31].

Another important parameter (RL) is also applied to determine

whether the adsorption process is beneficial or unfavorable, which

is calculated using Eq. S4 (Supporting information). The RL val-

ues of Cr(VI) on MoS2/PVP/PAM ranged between 0 and 1 (RL:

0.023–0.108, meaning favorable), further confirming that the re-

moval of Cr(VI) was favorable at different temperatures. Addition-

ally, the maximum Cr(VI) adsorption capacity on MoS2/PVP/PAM

increased from 274.73 at 298K to 327.87mg/g at 318K (Figs. S4a

and b, and Table S3 in Supporting information), showing that the

Cr(VI) elimination was improved by the elevated temperature. Ta-

ble S4 (Supporting information) summarized the maximum ad-

sorption capabilities of MoS2-based modified composites for Cr(VI).

MoS2/PVP/PAM had a greater ability to eliminate Cr(VI) than the

other MoS2-based materials, yet its synthesis process was relatively

simple. Therefore, it could be concluded that MoS2/PVP/PAM had a

great prospect in the purification of chromium-containing wastew-

ater.

The thermodynamic parameters involved in Cr(VI) adsorption

on MoS2/PVP/PAM were calculated according to Eqs. S5–S7 (Sup-

porting information). Table S5 (Supporting information) showed

the calculated thermodynamic parameters. The �G0 was between

−5.21∼−6.47 KJ/mol and decreased as the temperature rose, indi-

cating that a temperature increase was beneficial to the sponta-

neous enhancement of the reaction (Fig. S4d in Supporting infor-

mation). The value of �H0 and �S0 was positive, further revealing

that the reaction process was endothermic, and the randomization

was enhanced during adsorption.

To gain a better understanding of the removal process, the

experimental data were simulated using pseudo-first-order and

pseudo-second-order adsorption kinetic models (Eqs. S8 and S9 in

Supporting information). As presented in Fig. S5a (Supporting in-

formation), the adsorption efficiency grew significantly during the
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Fig. 2. The linear Cr(VI) adsorption isotherms of (a) Langmuir and (b) Freundlich by MoS2, MoS2/PVP, MoS2/PAM, and MoS2/PVP/PAM (C0 =20–150mg/L, pH 3.0,

m/V=0.4 g/L).

first 2 h of contact, and remained at a high level as adsorption

time increased until equilibrium was attained. In the meantime,

the equilibrium Cr(VI) adsorption capacity of MoS2/PVP/PAM was

better than that of MoS2, demonstrating that MoS2/PVP/PAM dis-

played superior Cr(VI) removal capacity. As demonstrated in Figs.

S5b and c and Table S6 (Supporting information), the pseudo-

second-order kinetic model had a superior fitting effect to the

pseudo-first-order kinetic model, indicating a primarily chemical

adsorption in the reaction.

Weber and Morris interparticle diffusion model (Eq. S10 in Sup-

porting information) was used to further investigate the kinetic

data. The relevant parameters of MoS2 and MoS2/PVP/PAM were

presented in Table S7 (Supporting information). Fig. S5d (Support-

ing information) showed three separate linear zones, demonstrat-

ing that the Cr(VI) elimination involved a multi-step reaction [3].

In the first stage (up to 1h), the slope (k1) and removal rate

were the highest, which was consistent with Cr(VI) diffusing from

the solution to the adsorbent outer surface under the effect of

boundary membrane diffusion. The removal efficiency increasingly

slowed down and the diffusional resistance improved in the second

stage (2–10h), indicating that this stage was mainly determined

by intra-particle diffusion, i.e., Cr(VI) entered the intra-particle and

pores from the exterior surface of composites. After that, because

of the reduction of adsorbent binding sites, the internal diffusion

rate of the particles gradually declined, and finally reached the

equilibrium stage. Furthermore, the fitted curve did not go through

the origin, indicating that membrane diffusion, in addition to in-

traparticle diffusion, was also the rate-limiting step in controlling

Cr(VI) elimination [36]. It was clear that the rate constant and the

removal efficiency of MoS2/PVP/PAM were greater than those of

MoS2 at each stage, suggesting that MoS2/PVP/PAM had more sur-

face active sites and more easily reacted with Cr(VI).

The common ions and Cr(VI) in natural water and indus-

trial wastewater may have plenty of competition for adsorption

sites, which could affect the removal process of Cr(VI). There-

fore, the influence of common anions and cations at 10mmol/L

and 30mmol/L concentrations on the elimination of Cr(VI) by

MoS2/PVP/PAM was researched (Fig. 3a). When introducing the dif-

ferent types of ions in the adsorption system, no significant fluc-

tuations were observed in the presence of anions (e.g., NO3
− and

Cl−) and cations (e.g., Na+, Mg2+, K+ and Ca2+), and the adsorp-

tion capacity remained unchanged. Because Cr(VI) existed in the

form of an anion (HCrO4
−), while Na+, K+, Ca2+, and Mg2+ existed

as a cation, which did not compete with the adsorption sites of

Cr(VI) [37]. In addition, the redox potential of Na+ (−2.71V), K+

(−2.97V), Mg2+ (−2.37V), and Ca2+ (−2.87V) is smaller than Cr6+

(1.35V) and did not affect the reduction of Cr(VI) [38]. Negatively

charged Cl− and NO3
− were expected to compete with Cr(VI) for

adsorption sites on the material surface. However, since Cl− and

NO3
− were low-affinity ligands, their interactions with adsorption

sites are weak in solution, so their competitive effects in the Cr(VI)

adsorption process can be neglected [39]. Interestingly, SO4
2− and

CO3
2− enhanced the Cr(VI) elimination by MoS2/PVP/PAM. As pre-

sented in Fig. S6 (Supporting information), with the addition of

SO4
2− and CO3

2−, the content of Cr(VI) was less detected, while

the proportion of Cr(III) remarkably increased. This phenomenon

suggested that SO4
2− and CO3

2− could facilitate the Cr transition

on the adsorbent surface from Cr(VI) to Cr(III), and Cr(III) entered

the solution, thus releasing more binding sites for Cr(VI) adsorp-

tion [40]. On the other hand, SO4
2− and CO3

2− can remove oxides

from the surface of the materials, thereby destroying the passiva-

tion film and increasing the active sites of MoS2/PVP/PAM [38].

Humic acid (HA) is the most common organic compound in the

natural water environment [41]. The influence of different HA con-

centrations on the elimination of Cr(VI) was depicted in Fig. 3b.

There was no discernible difference in the removal of Cr(VI) under

various concentrations of HA, revealing that HA had little compe-

tition for Cr(VI) adsorption sites, due to the weak binding ability

between HA and the active site on the adsorbents [42]. Overall,

these results indicated that MoS2/PVP/PAM exhibited stable Cr(VI)

removal performance under the coexistence of ions or organics,

and had promising application prospects in practical wastewater

treatment.

Considering the complexity of real water, the selectivity of

MoS2/PVP/PAM for Cr(VI) removal was studied in a mixed heavy

metal solution system containing Ni(II), Zn(II), Cd(II), Co(II), and

Cu(II) (Fig. 3c). The adsorption capacities of MoS2/PVP/PAM was

245.49mg/g for Cr(VI) and 95.40mg/g for Cu(II), and less than

10mg/g for Ni(II), Co(II), Zn(II) and Cd(II), respectively. S atoms

in MoS2 were able to adsorb Cu(II) through the Lewis soft-base

interaction, with the adsorption capacity second only to Cr (VI).

The distribution coefficient (Kd) (Eq. S11 in Supporting informa-

tion) was used to describe the adsorption selectivity of Cr(VI)

and five competing ions on MoS2/PVP/PAM. As shown in Fig. 3d,

MoS2/PVP/PAM exhibited an ultra-high Kd value of 1.69× 107 mL/g,

which was much higher than other competing metal ions. It is

generally believed that adsorbents with a Kd value greater than

1.0× 105 mL/g had great affinity and selectivity [43], indicating

that MoS2/PVP/PAM exhibited preferential binding and enormous

selectively for Cr(VI). The reduction of Cr(VI) by MoS2/PVP/PAM

was one of the important reasons for its high selectivity. In con-

clusion, the removal performance of MoS2/PVP/PAM for Cr(VI) was

much greater than those of coexisting ions in a mixed heavy metal

system.

The reusability was a crucial index to evaluate the actual

applicability potential of adsorbents. As a portion of adsorbed

Cr(VI) was reduced to Cr(III), to release Cr(VI) and Cr(III) adsorbed

on composites, the MoS2/PVP/PAM was successively treated with

0.2mol/L NaOH and HCl for the subsequent adsorption cycle ex-

periments. The adsorption capacity gradually dropped as the cycle
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Fig. 3. Impact of (a) coexisting ions and (b) humic acid on Cr(VI) removal by MoS2/PVP/PAM. (c) Adsorption capacity of MoS2/PVP/PAM for Cr(VI) and competitive ions in

mixed heavy metal system. (d) Distribution coefficient (Kd) of Cr(VI) and competitive ions (C0 =100mg/L, Cion =1.92mmol/L, pH 3.0, m/V=0.4 g/L).

number increased, and then declined to 71.95% in the fourth cy-

cle (Fig. S7a in Supporting information). The decreased Cr(VI) ad-

sorption might be caused by undesorbed Cr(III) occupying binding

active sites, and by the depletion of Mo4+ and S2− for Cr(VI) re-

duction (the generation of Mo6+ and SO4
2− was confirmed in XPS

spectra). But the adsorption capacity was still above 150mg/g in

the fourth cycle, indicating that the MoS2/PVP/PAM had good re-

cyclability for Cr(VI) adsorption. Additionally, the leaching concen-

tration of Mo ions in each cycle experiment was investigated to

assess the stability of MoS2/PVP/PAM and to check the release of

Mo ions in the adsorbents. As shown in Fig. S7b (Supporting infor-

mation), as the cycle number increased, the Mo ion concentration

leached from MoS2/PVP/PAM gradually decreased, and always re-

mained at a low level. The reason for the slight Mo leaching was

that a portion of Mo ions was present in MoS2/PVP/PAM as Mo6+,
and some Mo was oxidized to Mo6+ during the reduction of Cr(VI).

Since Mo6+ ions were easily released into the solution, the amount

of Mo released gradually decreases with the number of cycles in-

creasing [3], showing that MoS2/PVP/PAM had satisfying cycle sta-

bility in Cr(VI) elimination.

To explore the adsorption mechanism between Cr(VI) and ad-

sorbents, the XPS spectra of MoS2/PVP/PAM before and after ad-

sorption were examined (Fig. 4). The peaks of S 2p, Mo 3d, C 1s,

N 1s, and O 1s could be observed at 161.58, 228.61, 284.87, 394.62,

and 531.43 eV, respectively (Fig. 4a). After the reaction with Cr(VI),

a significant peak was detected at 577.27 eV in comparison to the

pristine composites, demonstrating that MoS2/PVP/PAM success-

fully captured Cr(VI). The peak of Cr 2p was further separated into

four peaks corresponding to Cr(III) 2p3/2 (576.41 eV), Cr(VI) 2p3/2

(577.83 eV), Cr(III) 2p1/2 (585.95 eV), and Cr(VI) 2p1/2 (587.66 eV),

as shown in Fig. 4b. This suggests that Cr(VI) and Cr(III) coex-

isted on the MoS2/PVP/PAM surface. The presence of Cr(III) im-

plied that in addition to the adsorption reaction, a redox reaction

also occurred [44]. According to the high deconvolution data listed

in Table S8 (Supporting information), the peak area ratio of Cr(III)

(60.10%) and Cr(VI) (39.90%) confirmed that most Cr(VI) was con-

verted to Cr(III).

According to Figs. 4c and d, and Table S8 (Supporting infor-

mation), the surface binding energies of Mo 3d3/2, Mo 3d5/2, S

2p3/2, and S 2p1/2 shifted slightly after the reaction with Cr(VI),

which showed that Mo and S participated in the process of Cr(VI)

elimination [45,46]. MoS2/PVP/PAM was able to reduce Cr(VI), be-

cause compared with the HCrO4
−/Cr3+ pair (approximately 1.35V),

the redox potential of the MoO4
2− and SO4

2−/MoS2 pair (approx-

imately 0.429V) was significantly lower [30,47]. According to the

adsorption spectra of Mo 3d and S 2p, the more obvious peaks of

Mo6+ and SO4
2− further confirmed the redox reaction. After the

reaction, the peak area of SO4
2− in S 2p increased from 6.42% to

39.12%, and the peak area of Mo6+ in Mo 3d increased from 4.45%

to 20.32% (Table S8), indicating that S2− was more important than

Mo4+ in Cr(VI) reduction. In addition, the O 1s peak signal inten-

sity in the XPS full-spectrum scan was significantly enhanced af-

ter adsorption, which indicated the soluble molybdate and sulfate

ions were generated after Cr(VI) removal. Hence, the following for-

mula was used to describe the chemical reaction between adsor-

bents and Cr(VI) [45]:

6HCrO4
− +MoS2 +6H+ →6Cr3+ +MoO4

2− +2SO4
2− +12OH−

The chemical equation predicted that while the reaction con-

tinued, the alkalinity of the solution gradually increased. It was

found that the solution pH increased from 3.01 to 4.11, by mon-

itoring the solution pH during the reaction, which demonstrated

that OH− was released into the solution during the reaction.

Fig. 4e showed the high-resolution spectra of O 1s, where the

peaks at 530.62 eV and 532.10 eV corresponded to C–C=O and

N–C=O, respectively [31]. The binding energy of C–C=O changed

to 530.72 eV, and the peak area increased from 63.57% to 74.16%.

Meanwhile, the peak of N–C=O shifted to 532.35 eV, and the peak

area decreased from 36.43% to 25.84%, suggesting that the oxygen-

containing groups of MoS2/PVP/PAM synergistically promoted the

coordination with Cr(VI) ions [46]. Similarly, Fig. 4f illustrated that

the two peaks of N 1s spectra were separated into 398.61 eV and

400.19 eV, which corresponded to pyrrolic N and amine (-NH2),

respectively [48,49]. After the adsorption, the binding energy and

peak area of amine and pyrrolic N were changed, suggesting that

amine and pyrrolic N participated in Cr(VI) removal. Especially,

pyrrolic N could reduce Cr(VI) to Cr(III), and subsequently Cr(III)

interacted with N to form a complex via covalent interaction. Fur-

thermore, a new peak occurred at 403.92 eV, representing the pro-
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Fig. 4. XPS spectra of MoS2/PVP/PAM before and after adsorption: (a) Full survey spectra; (b) peaks of Cr 2p; (c) peaks of Mo 3d; (d) peaks of S 2p; (e) peaks of O 1s and

(f) peaks of N 1s.

tonated amine group (-NH3
+) [50], which favored the electrostatic

attraction with Cr(VI). These findings indicated that pyrrolic N and

amine groups in PVP and PAM were crucial to remove Cr(VI).

Besides, according to the change of Cr(III), Cr(VI), and total Cr

contents in solution over the reaction time (Fig. S8 in Support-

ing information), the relation between the Cr(VI) reduction, Cr(VI)

adsorption and Cr(III) fixation on MoS2/PVP/PAM was illustrated.

Notably, the total Cr concentration was consistently higher than

Cr(VI) due to the Cr(III) production. After adsorption for 5min, a

significant amount of Cr(III) was discovered (12.40mg/L), and the

Cr(III) content remained at 12–16mg/L for the first 2 h of the re-

action, and then steadily fell to 3mg/L. After the 10h reaction,

the content of Cr(VI) continued to decline slowly as the adsorp-

tion time increased, indicating that Cr(VI) was initially reduced to

Cr(III), and subsequently the reduced Cr(III) was immobilized on

MoS2/PVP/PAM composites, as predicted by the XPS analysis.

Combined with the analysis of material characterization results,

the excellent removal performance of MoS2/PVP/PAM may be re-

lated to the expansion of interlayer spacing, the improvement of

dispersion performance, and the introduction of new functional

groups. Among them, the introduction of pyrrolidine and amine

functional groups in PVP and PAM played a major contribution.

As illustrated in Fig. 5, the mechanism of Cr(VI) removal was de-

scribed as follows: (1) The protonated amine group (-NH3
+) of

MoS2/PVP/PAM adsorbed Cr(VI) via electrostatic interaction; (2)

The S2− and Mo4+ reduced Cr(VI) to Cr(III), and simultaneously

Fig. 5. The elimination mechanism plot of Cr(VI) by MoS2/PVP/PAM.

were oxidized to SO4
2− and MoO4

2−; (3) Cr(III) was fixed on com-

posites surface via forming covalent bonds with pyrrolic N.

Overall, the PVP and PAM co-modified MoS2 composites

(MoS2/PVP/PAM) were synthesized and used for removing Cr(VI)

from water. In batch experiment, PVP and PAM co-modified MoS2
composites showed an enhanced removal of Cr(VI) (274.73mg/g),

owing to the broadened layer spacing, improved dispersion, and

introduced pyrrolic N and amine groups. In addition, PVP and

PAM had a synergistic impact on Cr(VI) elimination. More impor-
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tantly, the MoS2/PVP/PAM composites exhibited excellent selectiv-

ity under different competing ions and good recyclability. Com-

bined a series of characterization analysis, the removal mecha-

nism of Cr(VI) can be divided into two parts, Cr(VI) was reduced

to the low-toxicity Cr(III) by Mo4+ and S2−, and then adsorbed

on the adsorbent surface by pyrrolic N. This work showed that

MoS2/PVP/PAM composites had a widespread application prospect

of Cr(VI) elimination, and provided a new approach for designing

MoS2-based composite materials with enhanced adsorption capac-

ity.
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