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 A novel organic-inorganic hybrid compound, (4-Hap)4[Mo8O26] (4-ap = 4-

aminopyridine) (1), was synthesized via hydrothermal method, and 

utilized to conduct adsorptive uptake of typical organic dyes, in which 

some key parameters on dye adsorption were investigated. The results 

revealed that compound 1 demonstrated rapid adsorption of methylene 

blue (MB) with ultra-high efficiency and capacity, as well as achieving rapid 

and highly selective adsorption of MB from MB/MO (MO = methyl orange) 

and MB/RhB (RhB = rhodamine B) mixture. 

With rapid development of industries including medicine, textile, 

leather, printing, and plastic,1 more than 100,000 commercially 

available dyes with over 7 × 105 t were discharged to the detriment 

of water quality worldwide annually.2 Due to ecological and 

environmental importance, removing organic dyes with high toxicity 

and hard degradation from the wastewater has become a hot research 

topic. Furthermore, considering sustainable development, it is 

extremely desired to recover and re-use the enriched organic dyes if 

they could be selectively separated from their mixtures. Various 

methods have been used for removing/treating and recovering 

organics dyes in wastewater. Among these technologies, adsorption 

has been given growing interest owning to their low cost, high 

efficiency, and ease of operation.3 Thus, it is indispensable to 

explore new adsorbents with ultra-high adsorption efficiency and 

capacity towards dyes, as well as highly selective ability to separate 

different organic dyes from their mixtures.4 Multifunctional organic 

- inorganic hybrid crystalline materials, which assembly molecular 

components into periodic framework, have captured considerable 

attentions owing to their diverse and easily tailored structures,5 and 

their various potential applications in catalysis,6, 7 separation,8-10 gas 

storage,7, 11, 12 carbon dioxide capture,13, 14 photocatalysis,2, 15 and so 

on.9, 16-18 Very recently, some ionic hybrid crystalline materials were 

also used for selectively adsorbing and further separating cationic or 

anionic dye molecules from mixed dyes solution by host-guest 

electronic interactions and/or guest-guest exchange interactions,4, 19-

31 but still facing the challenges of either time consume or operating 

in none - aqueous solutions.22, 24-26 In this paper, a novel organic-

inorganic hybrid crystalline material, (4-Hap)4[Mo8O26] (1) was 

synthesized, which can rapidly and efficiently adsorb methylene blue 

(MB) as well as selectively uptake MB from the MB/MO and 

MB/RhB aqueous solution, respectively. 

White block-like crystal, (4-Hap)4[Mo8O26] (FM: C20H28Mo8N8O26) 

(1) were obtained from the mixture of CdCl2·2.5H2O, ammonium 

molybdate tetrahydrate and 4-aminopyridine (4-ap) under 

hydrothermal conditions for 72 h. Finally, they were isolated and 

washed with deionized water and ethanol. Single crystal X-ray 

diffraction analysis revealed that compound 1 crystallizes in triclinic, 

space group Pī, (CCDC 1055385, and details of X-ray data 

collection and refinement for 1 are listed in Table S1, ESI†), and the 

structure of 1 contains one discrete β-octamolybdate anion 

[Mo8O26]
4- and four discrete protonated 4-aminopyridinium ions, as 

illustrated in Fig. 1(a). Each [Mo8O26]
4- polyanion is built up from 

eight distorted MoO6 octahedral units by sharing edges and corners 

with local C2h symmetry. Eight molybdenum atoms can be 

visualized as an edge-sharing double O-centred trigonal bipyramid. 

The overall dimensions of the octamolybdate polyanion in 1 are 

consistent with those reported compounds containing the same type 

polyanion,32, 33 in spite of slightly difference in Mo-O bond lengths 

due to the different interactions between cationic units and 

polyanionic units (the selected bond lengths and angles for 1 are 

listed in Table S2, ESI†). The basic structural unit of 1 consists of a 

dissociative unit [Mo8O26]
4-, which is much different with the 

infinite [Mo8O26]n
4n- chains in (4-Hap)4n[Mo8O26]n, a compound with 

similar structure.34 Each 4-aminopyridine molecule is protonated at 

nitrogen atom position of the pyridine ring, which is further linked to 

[Mo8O26]
4- to construct a 3D framework via strong hydrogen bonds 

(N-H···O) (Table S3, ESI†), and also acts as counter-ion to 

compensate the anionic charge of [Mo8O26]
4- polyanion,35 as 

illustrated in Fig. 1(b) and Fig. 1(c). 

To characterize the phrase purity of 1, powder X-ray diffraction 

(PXRD) has been checked at ambient temperature. The results 

revealed that the measured PXRD patterns of 1 matched well with 

those simulated patterns derived from the single-crystal X-ray 

diffraction data, indicating high phrase purity of 1 (as shown in Fig. 
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2(a)). Furthermore, the thermal gravimetric analysis (TGA) was 

investigated under air atmosphere, and the TGA curve of 1 revealed 

that 1 is stable up to 300 oC, as illustrated in Fig. 2(c). The surface 

charge of the particles was assessed by zeta potential measurements 

with the result of -46.7 mV, implying that the surface of 1 is much 

negative.36 

 
Fig.1. (a) The asymmetric unit of structure of compound 1. (b) View of the 
3D structure built up with hydrogen-bonding interactions of 1. (c) Detailed 

hydrogen-bonding interactions in compound 1.  

 
Fig. 2 (a) Comparison of XRD patterns of the simulated one from single 

crystal data, compound 1 before and after adsorption, and compound 1 after 
desorption. (b) FTIR spectra of as-synthesized 1, 1 after absorbing MB, MB 

dye and 1 after desorption. (c) TGA curve of 1. (d) N2 adsorption-desorption 
isotherms of 1. 

To further evaluate the adsorption activity on organic pollutants of 1, 

cationic methylene blue (MB), cationic rhodamine B (RhB) and 

anionic methylene orange (MO) were selected as targets to conduct 

adsorption process, considering that both the charge and size of 

organic dyes are the most important factors controlling the 

adsorption process,37 and the detailed experimental process is 

described in the ESI. As illustrated in Fig. 3, the adsorption ability of 

1 was different towards MB, RhB and MO with identical initial 

concentration (10 mg/L). The removal percent of MB can be 

achieved at 100% in 120 min, while only 47.5% and 9.0% of RhB 

and MO can be removed up to 120 min, respectively. In fact, the 

process of MB adsorption onto 1 was rapid, in which ca. 53.9% MB 

can be removed in 10 min. To better understand adsorption ability of 

1, MB was chosen as the removal target to study the adsorption 

performance of 1 in detail, including adsorption kinetic parameters, 

isotherm modes, and thermodynamic parameters. The effects of 

contact time (t) on the adsorption amount and removal percentage of 

MB by 1 are shown in Fig. S3 (ESI†). The adsorption amount (qt) of 

MB by 1 was found to increase with t and initial concentration (C0), 

which also illustrated the favourable adsorption at high dye 

concentrations. There was a rapid uptake of MB at the initial period, 

which was possibly due to that a large number of vacant adsorption 

sites are available for adsorption at initial period38, 39 and the high 

affinity between MB molecules and the surface of 1.38, 39 Finally, the 

colour of MB in aqueous cannot be detected by naked eye with 

different initial concentration of MB and different added amount of 1. 

Compound 1 exhibited the maximum adsorption capacity of 916.04 

mg MB per gram when it was soaked in 500 mg/L MB aqueous 

solution for 10 h, which is much higher than those previously 

reported adsorbents, as listed in Table 1. Previous studies have 

illuminated that the surface area is an important factor to influence 

the adsorption capacity.40, 41 While 1 possesses inferior surface area 

(5.17 m2/g) determined by N2 sorption, but has a strong affinity in 

binding MB, indicating the poor porosity of 1 prevents N2 sorption, 

but do not impede dye uptake from solution.42 Hence, it can also be 

concluded that the external surface area here is not the exclusive 

factor to determine the adsorption capacity.23 And it is worthy to 

noting that compound 1 does not need any activation process, being 

quite different from other reported counter partners for dyes 

sorption.43, 44  
Table 1 Comparison of the adsorption capacities of MB onto some typical 

adsorbents 
adsorption Adsorption 

capacity (mg/g) 
ref 

1 916.04 this work 
H3PW12O4@ZIF-8 810 45 

Compound Aa 708 20 
Compound Bb 725 20 

CNTs-A 400 38 
PW11V@MIL-101 371 19 

Active Carbon 238 46 
MOF-235 187 47 

Carbon nanotubes 46.2 48 
Graphene 153.83 49 

Graphene oxide 144.92 50 
GO/CAc 188.81 50 

a Compound A = [(CH3)2NH2]6[M(H2O)6]3[M6(η
6-TATAT)4(H2O)12]·xH2O 

(M = Co2+, x = 6) 
b Compound B = [(CH3)2NH2]6[M(H2O)6]3[M6(η

6-TATAT)4(H2O)12]·xH2O 
(M = Ni2+, x = 6) 

c CA = Calcium alginate immobilized graphene oxide. 

In order to clarify the characteristics of the adsorption process, the 

changes of adsorbed amount with time are fitted with pseudo-first-

order and pseudo-second-order kinetic, respectively.51-53 The 

calculated kinetic constants (k1, k2) and the corresponding correlation 

coefficients (R2) of the pseudo-first-order and pseudo-second-order 

kinetic are shown in Table S4 (ESI†) for C0(MB) = 30, 50, 100 mg/L. 

It is clear that the pseudo-second-order model is more suitable for 

the adsorption of MB by 1 because of their relatively high R2 values 

(0.978, 0.951 and 0.991 for C0(MB) = 30, 50, 100 mg/L, 

respectively). From Table S4 (ESI†), the pseudo-second-order 

constants (k2) decrease with the increase of initial MB concentration, 

which can be explained that the competition of MB binding with the 

surface active sites will be fierce at higher concentrations, resulting 

in lower sorption rates.54, 55 Furthermore, the k2 for adsorbing MB on 

1 is much larger than those of MOF-235 and activated carbon with 

the same concentration of MB (30 mg/L)47 in previous reports, 

indicating more rapid adsorption of MB on 1. The calculated qe 
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values (54.3 mg/g, 107.5 mg/g and 158.7 mg/g for C0 (MB) = 30, 50, 

100 mg/L, respectively) from pseudo-second-order model are 

consistent with the experimental values (51.03 mg/g, 99.76 mg/g and 

156.90 mg/g, respectively), as listed in Table S4 (ESI†). 

 
Fig. 3 The adsorption capability of 1 toward different dyes: (a) MB; (b) RhB; 

(c) MO. (d) The removal efficiency of MB, RhB, and MO, respectively. 

In order to describe the equilibrium isotherms, the equilibrium data 

of MB absorbing onto 1 were fitted with Langmuir, Freundlich, and 

Dubinin-Radushkevish (D-R), respectively. As shown in Table S5 

(ESI†), Langmuir isotherm model preferred to describe the 

adsorption process.56-59 The values of ΔG0 (Table S6, ESI†) were 

found to decrease from -31.33 to -35.94 KJ/mol with the increase of 

temperature, indicating that the adsorption process of MB on 1 

becomes more favourable at higher temperatures,60 which can also 

be certified from maximum adsorption amount increase from 496.1 

mg/g at 298 oC to 680.3 mg/g at 318 oC. The negative values of ΔG0 

suggested that the sorption process may be controlled by mainly 

physical sorption and partially chemical sorption.61 The positive 

value of ΔH0 (37.40 KJ/mol) indicated that the adsorption reaction is 

endothermic, and the positive value of ΔS0 (230.77 J/(mol·K)) 

implied the increase randomness at the solid-solution interface 

during the adsorption of MB onto 1. 

In addition, the patterns of XRD of 1 after adsorption matched well 

with the patterns of 1 as prepared, as depicted in Fig. 2(a), indicating 

good stability of crystalline sample 1 after adsorption. Although 

there were no evident changes on 1 after adsorption, the elemental 

mapping obtained from TEM revealed the existence of Cl and S (two 

characteristic elements of MB) in 1 after adsorbing MB, besides of 

Mo, C, N and O in 1 as-prepared, as illustrated in Fig. 4. The 

adsorption of MB onto 1 was affirmed by XPS and FTIR, which 

confirmed the strong signals of S element in the XPS patterns (Fig. 5) 

and the characteristics peaks of MB in FTIR spectra (Fig. 2 (b)). 

The selective adsorption of dyes is more attractive and challenging. 

In this paper, cationic MB (molecule size 1.38 nm × 0.64 nm × 0.21 

nm), cationic RhB (molecule size 1.56 nm × 1.35 nm × 0.42 nm) and 

anionic MO (molecule size 1.54 nm × 0.48 nm × 0.28 nm) were 

selected, considering that they possess different sizes and different 

charges. The selective uptake of dyes was tested using the MB/MO 

mixture (200 mL, CMB = CMO = 10 mg/L) and MB/RhB mixture (200 

mL, CMB = CRhB = 10 mg/L) with 0.05 g 1 as absorbent, and then the 

process was monitored by UV-vis spectroscopy. As MB and MO are 

similar in molecule size, the preferable uptake of MB from MB/MO 

mixture may be assigned to the anionic nature of 1, as shown in Fig. 

6(a). For comparison, cationic RhB was selected to mix with cationic 

MB, and the results revealed that MB was also preferably adsorbed 

on 1 from the MB/RhB mixture (as illustrated in Fig. 6(b)), which 

may imply that the uptake of dyes is heavily influenced by molecule 

size along with charges.36 

 
Fig. 4 (a)-(d) Mo, C, N, and O elemental maps of compound 1, (e)-(j) Mo, C, N, 

O, Cl, and S elemental maps of compound 1 after adsorption. 

 
Fig. 5 (a) XPS wide scans spectra of compound 1 before and after MB 

adsorption. (b) XPS spectra for S 2p regions of compound 1 before and after 
MB adsorption. 

 
Fig.6 The selective adsorption capacity of 1 toward the mixed dyes of (a) 

MB/MO and (b) MB/RhB. 

Furthermore, its potential application was tested by solid phase 

extraction (SPE) column, in which the Agilent Bond Elut C18 in the 

original column was replaced by 0.90 g compound 1 (particle size of 

0.1 mm) with 5 mm packing height. The MB/MO mixture (32 mL, 

CMB = CMO = 10 mg/L) solution was pumped via automatic vacuum 

through the column with the flow rate 4 mL/min (Fig. S4, ESI†). 

The orange MO was passed through the SPE column directly and 

rapidly, while the MB was retained in 1 as column packing. In order 

to qualify the removal efficiency, the UV-vis absorbance was 

introduced to determine the MB concentration of the effluent 

through the column, and the results showed that the removal 

efficiency of MB can achieve 100%, while the concentration of MO 

only had a little drop with the removal percentage of ca. 5.7%, 

implying rapid and highly efficient separation of MB and MO from 

their mixture due to highly selective uptake of MB. In order to 

determine the stability and re-usage of the SPE column, the SPE 

column was back-flushed with methanol for 4 h, After back-flushing, 

the column was reused in another 6 circles with identically high 

separation efficiency, demonstrating 1 possessing good reusability 
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and potential of practical application. The stability of the packing in 

the column was confirmed by XRD, FTIR and SEM, as shown in 

Fig. 1(a), Fig. 1(b) and Fig. S1 (ESI†), respectively. 

In summary, a novel organic-inorganic hybrid material named (4-

Hap)4[Mo8O26] (1) was synthesized under hydrothermal conditions. 

Compound 1 exhibited ultra-high uptake efficiency and capacity to 

MB, and the adsorption process followed pseudo-second-order 

kinetic model as well as Langmuir isotherms. The adsorption of MB 

onto 1 at various temperatures showed that the adsorption is 

spontaneous (negative ΔG0), endothermic (positive ΔH0) and the 

randomness increases (positive ΔS0) with the adsorption process. 

Compound 1 also preferred to uptake MB from MB/MO mixture and 

MB/RhB mixture, which encourage us to prepare SPE column with 

1 as filler packing. Our self-made SPE column can achieve rapid and 

efficiently separation of MB and MO from their mixture, which also 

exhibit excellent stability. Further researches should be carried out to 

clarify the adsorptive activities on other organic pollutants. 
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