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A novel environmental friendly adsorbent HgP,W15062/MOF-5 was synthesized by a simple one-step
reaction under solvothermal conditions and characterized by XRD, FTIR, thermogravimetric analy-
ses (TGA) and N, adsorption-desorption isotherms. The removal rate of HgP,W;306,/MOF-5 was
quite greater (85%) than that of MOF-5 (almost zero), showing that the adsorption performance of
porous MOF-5 can be improved through the modification of HsP,W130s;. Further study revealed that
HgP2W15062/MOF-5 exhibited a fast adsorption rate and selective adsorption ability towards the cationic
dyes in aqueous solution. The removal rate was up to 97% for cationic dyes methylene blue (MB) and 68%
for rhodamine B(Rhb) within 10 min. However, anionicdye methyl orange(MO) can only reach to 10%. The
influences including initial concentration, contact time, initial solution pH and temperature of MB adsorp-
tion onto HgP,W13062/MOF-5 were investigated in detail. The kinetic study indicated that the adsorption
of MB onto HgP,W;306,/MOEF-5 followed the pseudo second-order model well. The isotherm obtained
from experimental data fitted the Langmuir model, yielding maximum adsorption capacity of 51.81 mg/g.
The thermodynamic parameters analysis illustrated that the MB adsorption onto HgP, W130g; immobi-
lized MOF-5 was spontaneous and endothermic process. Besides, these results implied that designing
a novel material polyoxometalate-based metal-organic frameworks is great potential for removing
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cationic organic pollutants and even extended to improve other specific application.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid industrial development, the pollution of water is
becoming more and more serious resulting in the shortage in water
supply [1]. Dyes are color organic compounds and widely used in
the synthesis, textile, cosmetic, leather, printing, paper, food and
other industries [2-4]. So far, more than 7 x 10° tyear—! and 10,000
different types of dyes are produced all over the world. To be sure,
10% to 15% of the dye is discharged due to washing operations
and incomplete exhaustion of coloring materials during the dye-
ing process [5], which poses a significant threat to environment
and human health because of their toxicity, potential mutageni-
city, and even carcinogenicity without reasonably processing [6-8].
Moreover, the discharge of the dyes without treatment into the
rivers is easily noticed since dyes are highly visible, which is com-
monly harmful to aquatic life [9,10]. Therefore, it is necessary to
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find appropriate treatment strategies for efficient removal of dyes
from waste-water system before their discharge.

So far, there are many techniques which have been reported
on the effective elimination of hazardous substances from aqueous
solutions such as biological methods, physical, chemical, electroco-
agulation, photocatalytic degradation, oxidationand soon [11-15].
Among the proposed techniques, adsorption is the procedure of
choice and can reach good results as it is highly efficient, inex-
pensive and simple in operation [16-18]. This has encouraged
the exploration of adsorbents with abundant availability and good
economy. Nowadays a huge amount of low cost adsorbents are
investigated including the common adsorbents, products of indus-
trial or agricultural origin such as activated carbon [19], carbon
nanotubes [20], activated slag, sugarcane, wood dust, fruit peel [21],
tea waste ash, rice husk [22], metal-organic frameworks(MOFs)
[23,24] and so on. However, there is still a great need to explore
some kinds of new and low cost adsorbents with high adsorp-
tion capacity, even high selectivity and short contact time towards
specific dyes [25].

Recently, the adsorbents with a high selectivity towards tar-
geted dyes have attracted more and more researchers’ interests due
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to their huge potentiality in the controlled separation of dye mix-
tures and chemicals during treating industrial wastewater, as well
as making sensors for the detection and identification of certain
types of dyes [26]. MOFs fabricated by metal ions or metallic clus-
ters connected through organic ligands by strong bonds are a new
class of porous crystalline organic-inorganic hybrid materials [27].
Compared with conventional inorganic porous materials, MOFs
have some unique features such as ultrahigh porosity, incredibly
large BET surface area, multiple coordination sites, big pore vol-
ume and structural adaptivity, which brings many various potential
applications such as gas separation and storage, sensors, energy
storage, pollutant removal, catalysis, drug delivery and so on
[28,29]. So many researches have been aimed at designing new
MOFs structures and studying their various applications during the
past two decades [30]. However, MOFs also exhibit several weak
points such as the relative low stability in solution and brittleness
or lack of flexibility hampering their realistic applications. It is nec-
essary to introduce a new functionality for enhancing their realistic
properties.

Wells-Dawson acids HgP,W130g2, one of the polyoxometalate
(POM), possesses controllable shape and size, remarkable stabil-
ity both in the solid state and in solution [31], oxo-enriched and
highly negatively charged surfaces. These properties make them
suitable to be used in selective adsorption and separation towards
cationic dyes due to exerting a stronger electrostatic attraction
to cationic dyes than anionic dyes [32]. However, HgP,W130g>
with feasible dissolution in water or polar organic liquids and rel-
atively low surface area (<10 m2 g~1) also limits its applications by
preventing the accessibility to the active sites. Inrecent years, POM-
based MOFs composite has been explored and used in the fields
of various catalytic reactions such as the hydrolysis of esters [33],
Knoevenagel condensation of benzaldehyde with ethyl cyanoac-
etate [34], and so on. Nevertheless, POM-based inorganic-organic
hybrid material may also be a reasonable choice as a new type of
adsorbent for removing cationic dyes. Recently, there have been
two reports involved in the use of POM@MOFs composite as adsor-
bent in Wang’s group and Sun’s group [35,36]. Besides, POM-based
materials in the adsorption application have not been still investi-
gated up to now.

Here a new selective adsorbent HgP, W130g,/MOF-5 was pre-
pared by a simple one-step solvothermal method. The adsorption
of MB onto HgP, W30, /MOF-5 about the effects of initial con-
centration, contact time, initial solution pH and temperature in
the system was systematically explored. The composite exhibited a
high adsorption rate and selective adsorption ability for the cationic
dyes like MB compared to that of the isolated MOF-5 framework.
Moreover, the adsorption isotherm, kinetic, adsorption mechanism
and thermodynamic parameters of MB on the composite were thor-
oughly analyzed.

2. Experimental
2.1. Preparation of HgP,W1302/MOF-5 adsorbents

Wells-Dawson acids HgP,W;30Og, was prepared based on
the method as in ref. [37] with some modifications. 50g
of NayWO04-2H,0 (AR, Sinopharm Chemical Reagent Co., Ltd,
Shanghai, China) was dissolved into 60 mL deionized water and
35mL of phosphoric acid (H3POg4, 85%) was slowly added drop-
wise into the solution under vigorous stirring. Then the mixture
was refluxed at 120 °C for 8 h. After cooling, HCI (22.5 mL, 36%) was
added and the acidified aqueous solution was extracted by the same
volume of ether as the solution. The heavy oily layer was collected
and the ether was removed by heating gently. Finally, after drying
under room temperature, heteropolyacid was obtained.

MOF-5 was prepared by a solvothermal method as in
ref. [38]. HgP,W13062/MOF-5 adsorbent was synthesized by
the same method just like the above mention. 0.0166g 1,4-
dicarboxybenzene (H,BDC, Tianjin Kwangfu Fine Chemical Indus-
try Research Institute, Tianjin, China) was dissolved into 15mL
N,N-dimethylformamide (DMF) and stirred for 10 min till a homo-
geneous solution was formed. Then 0.149¢g Zn(NOs),-6H,0 and
0.05 g HgP, W130g, were added into the solution with stirring con-
tinuously to form a clear mixed solution. Subsequently, the reactant
mixture was loaded into a Teflon-lined stainless steel autoclave
with 25 mL capacity and heated at 393K for 21 h. The resulting
white microcrystals were washed with a DMF/H, O mixture at least
five times and then dried under vacuum at 353 K overnight. Thus,
HgPoW130g2/MOF-5 was obtained for further experiments.

2.2. Characterization

The HgPoW13062, MOF-5 and H5P2W18062/MOF-5 were charac-
terized by XRD, TGA and FT-IR. X-ray powder diffraction patterns
of the samples were collected on a diffractometer (Bruker Cor-
poration) with the Cu Ka radiation (40kV, 40 mA) at a scanning
rate of 0.02°s~! and 20 ranging from 5 to 40°. Thermogravimet-
ric analyses (TGA) of HgP,W13062/MOF-5 were performed using
a thermogravimetric analyzer PERKIN ELMER at a heating rate
of 5Kmin~! and temperature ranging from 25°C to 800°C in a
flowing atmosphere of N,. Functional groups of the samples were
analyzed by a NICOLET 5700 FT-IR spectrometer within the wave
range 4,000-500 cm~!. The surface area (BET) and pore diameter
of MOF-5 and HgP,W130g,/MOF-5 were determined from the N,
adsorption at 77 K using a Micrometric ASAP 2020 system.

2.3. Dye adsorption experiments

In order to explore the adsorption properties and the factors
influencing adsorption, batch adsorption experiments of MB (Bei-
jing Chemical Reagent Co., Ltd, China) were conducted by using
50 mL reagent bottles with definite volume at different initial con-
centration under strong agitation. The solution pH was adjusted by
using a certain amount of NaOH and HNO3 solution. After adsorp-
tion, the mixture solution was centrifuged at 10000 rpm for 2 min
and the concentration of residual MB was determined by using a
UV-vis spectrophotometer (U-3010) at the maximum wavelength
of 664 nm. The adsorption capacity q; (mgg~!) and removal rate
(Removal%) were calculated according to the following equations:

(Co — Ct)v
qr = m (1)
(Co—C)100 (A, — A)100

R 1% =
emova G A,

(2)

where C, and C; (mgL~!) were the MB initial concentration and at
time t. A, and A; represented the absorbance of MB before and after
the adsorption. V (mL) was the volume of the MB solution and m
(mg) was the mass of adsorbents.

3. Results and discussion
3.1. Characterization of the HgP,W;18062/MOF-5

The powder XRD patterns of MOF-5, HgP;Wi30g; and
HgPoW13062/MOF-5 were shown in Fig. 1a. The characteristic
diffraction peaks of MOF-5 implying the high crystallinity were
consistent with the earlier reported literature well [39]. For
HgP,W1g0g2, the peaks at 20=7-10°, 14-19°, 24-30° matched
well with Dawson structure as reported in the literature [40]. The
diffraction patterns of the HgP,W;306,/MOF-5 composite were



X. Liu et al. / Applied Surface Science 362 (2016) 517-524 519

— HgP,Wi306, a b
—— MOF-5
—— H¢P,W,,0,/MOF-5
S
I
=
3
£
g
72}
=
. g
= HPWi506,
MOF-5
. . HgPo WO/ MOF:S L
10 20 4000 3500 3000 2500 2000 1500 1000 500
20/degree Wem-!

Fig. 1. XRD patterns (a) and FT-IR spectra (b) of HgP, W15062, MOF-5 and HgP,W;50¢2 /MOF-5.
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Fig. 2. TG-DTG-DTA profile of MOF-5 and HgP,W13062/MOF-5.

almost the same as that observed for MOF-5 and no peaks of
HgP,W1g0g, were detected just like the literature [41]. However,
the intensity of the peaks of the composite decreased apparently,
indicating that the crystal structure remained unchanged even after
forming the composite, in clear similar to the results reported by
Gascon et al. [34]. Combined with the FT-IR results in Fig. 1b, the
characteristic absorption peaks of HgP,W1g0Og2 and MOF-5 agreed
with the peaks reported in the literatures [23,42]. The characteris-
tics peaks of MOF-5 were also observed in HgP,W;30g,/MOF-5,
further confirming the structure of MOF-5 was preserved. The
characteristic peak at 962cm~! corresponded to v4s(W=04) of
HgP,W130g2 was observed in the composite and a wide peak
at 1012cm~! appeared to be attributing to an effect of chemi-
cal interaction between HgP,W130g, and MOF-5, indicating that
the structure of HgP, W130g; Was also preserved in the composite
HgP, W30, /MOF-5.

Fig. 2 showed the two main steps of the weight loss for both
MOF-5 and HgP,W130g2/MOF-5 with the increase of the temper-
ature. The first weight loss steps between room temperature to
160°C can be attributed to the removal of guest molecules, physi-
cally adsorbed water and crystal water. The second step was related
to the collapse of the structures for both samples. Compared to
the pure MOF-5, the second stage of HgP, W1g0g2/MOF-5 occurred
at higher temperature. This may be explained that HgP,W130¢>
should locate in the pure MOF-5 framework [38].

Nitrogen adsorption experiments were used to evaluate the
pore size and structure of MOF-5 and HgP,W;30g,/MOF-5. As seen
in Fig. 3a, the samples both showed typical mesoporous charac-
ter with adsorption curve of type IV. H4 type hysteresis loops at
high relative pressure (P/Po range 0.80-1.00) can be ascribed to
the presence of mesopores corresponding to the pore size distribu-
tion of both materials in Fig. 3b [43]. It can be found that the main

Table 1

Textural properties of MOF-5 and HgP, W15062/MOF-5.
Sample Sger (m? g™") Viotal (cm? g~") D (nm)
MOF-5 92 0.0729 3.19
HgP2W15062 /MOF-5 395 0.2986 3.03

Sger: BET surface area. Vi : Total pore volume. D: Average pore diameter calculated
using BJH method.

pore distributions were both in a wide pore size of 10-30 nm range,
conformed with the value of 16 nm calculated by BJH model from
N, adsorption isotherms. Some textural properties of the samples
were listed in Table 1. As shown in Table 1, the materials were
mesoporous (average pore diameter is approximately 3 nm). The
BET surface area and pore volume of HgP,W;304,/MOF-5 were
higher than the values of MOF-5. It can be concluded that the addi-
tion of HgP,W130¢; had a great effect on the structure of MOF-5,
greatly increasing the surface area and pore volume, which were
all favorable factors for improving the adsorption performance.

3.2. MB adsorption

3.2.1. Effects of initial pH

The solution pH has been identified as a rather signifi-
cant variable enhancing or depressing the adsorption uptake of
adsorbate molecules, which is attributed to influencing surface
binding-sites or charges of the adsorbent and the degree of ioniza-
tion/dissociation of dye molecules [44]. The effect of initial solution
pH on MB adsorption onto HgP,W;30g,/MOF-5 was investigated
in the pH range from 2 to 10 (Fig. 4). Fig. 4a showed that the
absorbances recorded by the UV/Vis adsorption spectrum increased
with the increase of pH, indicating that the residual concentra-
tions of MB in the solution were larger at high pH. Moreover,
it is obvious that the adsorption capacity and removal rate can
reach 26.92mgg-! and 100% at low pH in Fig. 4b, respectively,
further suggesting that acidic solutions benefited MB adsorption.
This phenomenon can be explained that POM with highly elec-
tronegative possessed a good adsorption and selective separation
ability towards the cationic dyes [36]. According to the point-of-
zero charge (pHpyc) of the composite, the surface charge was all
negative at the pH range from 2 to 10, which conforms to the above
explanation. With increasing the initial pH, the adsorption capac-
ity and removal rate were both becoming small. One explanation
for this observation is that chloride anion in MB was exchanged
with NaOH to have a displacement reaction, forming NaCl (aq)
and MBS +OH (aq). However, the salt of NaCl might result in the
deactivation of HgP,W130g2/MOF-5 and decrease the adsorption
of MBS +OH (aq) on the HgP,W1g0g,/MOF-5 at last [24].
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3.2.2. Effect of initial concentration and contact time

The effects of the different initial concentration and contact time
on the adsorption of MB onto the complexes were shown in Fig. 5a
and b. It is obvious that the adsorption capacity increased grad-
ually from 26.75 to 52.65mgg-! with the increase of the initial
concentration of MB. However, the removal rate of the composite
towards MB can reach up to 90% at the lower initial concentration
(20, 25 and 30 mgL~1). Besides, the adsorption process could reach
an equilibrium state in the first 10 min and then be constant for
all the samples due to most available vacant surface sites in the
HgP,W;3062/MOF-5 during the initial stage, indicating the com-
plexes especially suitable for rapid removing MB from aqueous
solutions. Moreover, there was little increase for the adsorption
capacity corresponding initial concentration of MB from 45 to
50mgL~!, which indicated that a saturable adsorption capacity has
been attained and the initial concentration was one of the critical

parameters affecting the adsorption property of an adsorbent in
waste water treatment systems.

3.2.3. Effect of temperature

The temperature played an important role on the process of MB
adsorption onto HgP,W130g2/MOF-5 and the results of the effect
were shown in Fig. 6. The saturated adsorption capacity of MB
was found to increase with increasing temperature, indicating that
the dye adsorption onto HgP,W;30g/MOF-5 was favored at high
temperature and further revealing that the adsorption process was
endothermic. One explanation for the phenomenon is that the vis-
cosity of the solution decreased at high temperature, resulting in
an increasing rate of the adsorbate molecule diffusion between the
external boundary layer and internal pores in the adsorbent [45].
On the other hand, the increasing temperature may prohibit the
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conglomeration of adsorbent or adsorbate and be the benefit of the
uptake of MB.

3.2.4. Comparison of adsorption ability for MB in pure MOF-5
and H5P2W]8062/MOF—5

The adsorption capacity and removal rate of pure MOF-5
and HgP,W;3062/MOF-5 for MB were compared as shown in
Fig. 7. Obviously, the adsorption capacity of two materials both
quickly reached equilibrium state within 10 min. Compared with
HgP,W13062/MOEF-5, the adsorption capacity of pure MOF-5 was
much smaller than that of the composite and the removal rate was
nearly zero. The removal rate of the composite was up to 85% within
10 min. So there is still significant value in exploring the composite
HgP2W15062/MOF-5 as a kind of new adsorbent.
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Fig. 9. The selective adsorption capability of HgP, W13062/MOF-5 toward the mixed
dyes solution with MB and MO (experiment conditions: Co(MB): 10 mgL~"', Co(MO):
10mgL-', adsorbent dose: 15mg/20 mL, pH=2).

3.2.5. Selective adsorption ability

With developing of industry, a high selectivity towards different
kinds of dyes has drawn great attention during the process of treat-
ing industrial waste water. So it is necessary to explore the selective
adsorption ability for some materials as the adsorbents. As shown
in Fig. 8a and b, the composite exhibited better adsorption ability
towards MB and Rhb instead of MO combined with Fig. 4a. Fig. 8c
revealed that the removal rate was up to 97 and 68% within 10 min
for cationic dyes MB and Rhb. However, anionicdye MO can only
reach to 10%. It could be further deduced that POM with much neg-
ative charges played a major role in the adsorption process due to
its stronger force with electropositive dyes.

Considering that the real wastewater can not only contain a sin-
gle component. So the mixed dye solution with MB and MO was
selected as the simulated real wastewater systems to explore the
industrial application of the composite and its separation ability in
the mixed dye molecules. As shown in Fig. 9, the absorption peaks
of MB almost disappeared within 2 min in the UV/vis absorption
spectra, but the characteristic absorption peaks of MO slowed down
small, indicating that the composite could selectively and quickly
separate MB in the multi-component wastewater systems.

3.3. Adsorption kinetics

In order to understand the adsorption behaviors including
adsorption mechanism and rate, the kinetic models including
pseudo-first-order and pseudo-second-order rate equations were
used to analyze the data obtained at different initial concentrations

20 25 100
——Omin ——0min - " - - -
a ——10min ¢
15k ——20min 20 80
o ——30min X R
Q % Q B A A A A
£ ——40min Cis el
ol < =
=1.0 2 —
<] 5 =
3 210 2af = MB
< ) £ 4 Rhb
05 Q * MO
05 K~ 20F
* * " * *
00 0.0 ol— A . , .
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 10 20 30 40 50
Wavelength/nm Wavelength/nm Time/min

Fig. 8. The adsorption capability of HsP, W130s2/MOF-5 toward MO (a), Rhb (b) and the removal rate of Rhb, MO and MB (c) (experiment conditions: Co: 10 mg L', adsorbent

dose: 15mg/20mL, pH=2, t=50 min).
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Table 2

Kinetic parameters and correlation coefficients for the pseudo first-order equation and pseudo second-order equation.
Kinetics model Initial concentration (mgL-1) Gerexp (MEE) Gercal (Mgg™) ki (min~1) k; (mg g~' min~1) R?
Pseudo-first-order 20 39.98 2.3446 0.0773 0.8154
model 30 58.26 8.4833 0.0112 0.9100
Pseudo-second-order 20 39.98 39.22 0.2953 0.99999
model 30 58.26 51.02 0.3232 0.99997

of MB (20 and 30 mgL~1). The two linear equations are commonly
expressed as follows [46]:

In(qe — qt) =1Inge — kqt (3)

e_1 .1 (4)
qr kg Qe
where g, (mgg~') is the amount of adsorption at equilibrium state
and q; (mgg~1)is at adsorption time t (min). k; (min~!) named the
Lagergren rate constant of adsorption can be calculated from the
slope of the plot in Fig. 10a and was listed in Table 2. ky can be
calculated according to k, = slope?/intercept in the plot of Fig. 10b.
The correlation coefficient R? values (0.99999 and 0.99997) deter-
mined by pseudo-second-order model were higher than that of
pseudo-first-order model for both different initial concentrations of
MB, indicating that the adsorption of MB onto HgP, W1g0g2/MOF-5
fitted the pseudo-second-order model well. Besides, the experi-
mental ge was much closer to the calculated g, when analyzed by
pseudo-second-order model, also illustrating this point.

3.4. Adsorption isotherms

Just to further describe the adsorption progress and investi-
gate adsorption mechanisms, two isotherm models containing the
Langmuir isotherm and the Freundlich isotherm to the adsorp-
tion behavior were used for this study, in which the experiments
were conducted at three temperatures (293, 303 and 313 K). The
Langmuir model supposes that the adsorption process occurs at
homogeneous sites in the adsorbent surface and is monolayer in
nature. As shown in Fig. 11a, the isotherms with the linear form
have been plotted to fit the Langmuir equation [47]:

Ce 1 1

de  qm Cot amKp (%)
where C. (mgL-1) is the equilibrium concentration of adsorbate
(mgL-1). gm (mgg') named the maximum adsorption capac-
ity and K; (Lg~1) named Langmuir constant can be determined
from the slope and intercept (Table 3). K] is related to the energy
of adsorption and affinity of the binding sites. The coefficients

Table 3
Langmuir and Freundlich isotherm parameters for the adsorption of MB onto
HeP2W;5062/MOF-5.

Adsorption Constant 293K 303K 313K
Langmuir Qmc (Mgg1) 51.81 52.83 54.79
K (Lg1) 1.75 2.78 5.27
Ry 0.0145 0.0092 0.0049
R? 0.9898 0.9908 0.9977
Freundlich K (mg!-1/ng-111/n) 38.32 44,81 46.91
n 9.56 23.93 18.20
R? 0.8670 0.6362 0.9366
Table 4
Comparison of adsorption capacity of various adsorbents for MB.
Materials Adsorption capacity (ge, mgg~') Ref.
Zn-MOF 0.75 [53]
MWCNTs/Fe, 03 423 [54]
Magnetic MWCNTSs 48.1 [55]
Exfoliated graphene oxide 17.3 [56]
Carbon nanotubes 354 [57]
Zeolite 10.86 [58]
Polyaniline nanotubes 4.8 [59]
HGP2W13052/MOF-5 51.81 This work

R? of the Langmuir equation showed that the adsorption of MB
onto HgP,W;306,/MOF-5 fitted the Langmuir’s model. The max-
imum uptake capacity of the composite at room temperature
was 51.81mgg-! and considerably high compared to that of
other materials towards MB reported in Table 4. The value of
gm.c increased with the increasing temperature, indicating that
the adsorption was favorable at high temperature and was an
endothermic process. In order to further predict the favorability
of the adsorption system, a dimensionless separation factor R; has
been introduced as follows [48]:

1
- 1 +KLCO

The parameter can indicate that the isotherm is irreversible
(R, =0), favorable (0<R; <1), linear (R, =1) or unfavorable (R; > 1)

R, (6)
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Fig. 11. Plots of the isotherms for MB adsorbed by HgP,W1506,/MOF-5: (a) the Langmuir isotherm, (b) the Freundlich isotherm.

Table 5
Thermodynamic parameters for the MB adsorption by HgP2, W50, /MOF-5.
T (K) K AG (kjmol-1) AH (kjmol~1) AS (Jmol 1K)
293 1.75 -1.3633 41.94 147.5
303 2.78 -2.5759
313 5.27 —4.3253

[49,50]. The R; values in Table 3 were between 0 and 1, which
illustrated that the adsorption of MB onto HgP, W13 0g2/MOF-5 was
favorable.

The Freundlich isotherm is applicable to describe the adsorp-
tion capacity related to the dye concentration at equilibrium and
the adsorption process taking place on a heterogeneous surface
corresponding to a multilayer adsorption mechanism [51]. The
isotherms (Fig. 11b) conforming to linear empirical Freundlich
model have been plotted by equation as follows [52]:

Inge = %lnCe+anF (7)

where Kk is a Freundlich constant and n is the heterogeneity factor
related to adsorption capacity and adsorption intensity. As shown
in Table 3, they can be evaluated from the slope and intercept. It is
quite clear that the adsorption fitted Langmuir model better than
Freundlich model based on the R? values of the Freundlich equation.

3.5. Thermodynamic study

In order to further calculate the thermodynamic functions and
the effect of temperature on the adsorption process of MB onto
HgP,W130g2/MOEF-5, Gibbs free energy AG°, enthalpy AH°, and
entropy AS° about these thermodynamic parameters were calcu-
lated and listed in Table 5 by the following equations [60,61

AG® = —RTInkK; (8)
AS°  AH°
Inky = =2 - — (9)

where K; (Lg~1) is the Langmuir constant. R (8.314Jmol~1K-1)
is gas constant and T (K) is the temperature. The negative
values of AG° for different temperatures showed that the
adsorption on the composites was a spontaneous process. Also,
the parameter demonstrated that the adsorption process was
physisorption (—20 k] mol~! < AG° <0) rather than chemisorption
(—80kJmol-1< AG°<—400k]mol~') [4,62]. The positive value
of AH° indicated that the interaction of MB adsorbed by
HgP,W13062/MOF-5 was endothermic process in accord with the
increasing adsorption capacity associated with the increase of
temperature. The positive value of AS° increased the randomness

at the solid-solute interface and the affinity of HsPo, W130g2/MOF-5
for the MB [62].

4. Conclusions

In summary, a new adsorbent HgP,W130g2/MOF-5 was pre-
pared by a simple one-pot solvothermal method and its adsorptive
property of cationic dye MB has been investigated. The results
showed that the adsorption efficiency of MOF-5 towards MB in
aqueous solution was significantly improved by the modification
of HgP,W130g2 and the composite HgP;W1g0g2/MOF-5 exhib-
ited a rapid and selective adsorption ability towards the cationic
dyes MB instead of anionic dye MO in aqueous solution. The
experiment data could be well described by the Langmuir equa-
tions and pseudo-second-order kinetic model. Thermodynamic
parameters AG° <0 and AH° >0 indicated that the MB adsorption
onto HgP,W;304,/MOF-5 was spontaneous and endothermic. The
results of removing dyes show that designing a novel material with
specific application based on the POM and MOFs is a promising
strategy.
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