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Abstract
Though adsorption techniques are eco-environmentally friendly, most lack the effectiveness of complete contaminant
elimination leading to increasing concerns about the presence of aqueous contaminants on humans. Thus, synergistic
combination of low adsorption capacity adsorbents may be an effective method to enhance their aqueous contaminant
uptake. Sol-gel synthesized lanthanum-1,4-benzene dicarboxylate metal organic framework (LaBDC MOF) and polyethy-
lene oxide (PEO) hydrogel were combined to prepare a synergistic composite adsorbent (PEO-LaBDC) for aqueous
methylene blue (MB) adsorption. Major properties of the pristine LaBDC MOF and PEO hydrogel were expressed in the
characterized composite indicating successful preparation. PEO-LaBDC composite MB removal rate of MB was at least
twice as fast (60min) to those of the pristine LaBDC MOF (120 min) and PEO hydrogel (125min). The fitting of kinetics model
was fractal in nature, and optimum adsorption was on the alkaline end of the pH spectrum for all adsorbents (pH=12, 10, and
10, respectively). Comparatively, the composite exhibited a better adsorption performance of ’177% higher than the pristine
LaBDC MOF; buttressing the idea that synergistic combination of adsorbents in composites could enhance adsorption pro-
cesses. Therefore, the PEO-LaBDC composite is a promising adsorbent for the remediation of aqueous MB.
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Introduction

Water pollution resulting from untreated and poorly
treated industrial effluents is a major issue as a signifi-
cant global population (ø 33%) lack reliable access to
clean water for use due to contamination.1,2 Dye accounts
for almost a third of the contamination menace globally.3

The structure of most dyes makes them teratogenic, muta-
genic, known carcinogens, harmful to health, causing
human respiratory and eye irritations, causing suffocation
via formation of methemoglobin, a distorted form of
hemoglobin which lacks the ability to bind oxygen, and
ultimately death.4 Thus, the need for enhanced treatment
techniques cannot be over-emphasized.

Several techniques including oxidation, photocataly-
sis, membrane separation, adsorption, ion exchange,
electrochemical techniques, and reverse osmosis have
been employed for contaminated water treatment.5,6

Adsorption technique presents better merits than most
others in that it is cheap and environmentally friendly

with high stability and mechanical strength, easy to
regenerate and reuse, can be configured for specific
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adsorption and may be tailored for higher adsorption
efficiency.2,3,6,7 These merits notwithstanding, most
low-cost adsorbents suffer a lack of sufficient adsorp-
tion efficiency for water treatment while others are dif-
ficult to handle or separate from water post-treatment.

Recent advances in adsorption techniques suggest
that synergistic combination of the functional proper-
ties of some low-cost adsorbents to form new compo-
sites may be employed to enhance adsorption efficiency
(or capacity) and improve the ease of handling adsor-
bents (for instance by reducing bleeding or enhancing
magnetic separation).3,7,8 This technique has been
employed to enhance low-cost adsorbents such as clays
and biomasses composites1,2,9–13 and mesoporous com-
posite materials.4,6,14–20 This approach has led to the
preparation of other complex adsorbents such as the
metal-organic framework (MOF)/platinum/activated
carbon composite which was employed in the enhanced
(’3 times) H2 adsorption,21 and the MOF/graphene
oxide (GO) composite employed for the enhanced
adsorption of dyes from wastewater.22 Similarly, poly
(vinyl alcohol) (PVA)/multiwall carbon-nanotube
(MWCNT) composite was used for enhanced (ø 80%)
aqueous Pb(II) sequestration from wastewater,23 while
PVA/poly(ethylene oxide) (PEO) hydrogel exhibited
enhanced (’8 times) MB removal from dye waste-
water.24 In addition to the above, PEO is proving to be
an efficient material in enhancing composites; for
instance, GO/PEO nano-composite hydrogel adsorbent
similarly exhibited effective removal of aqueous
Cu(II).25 Thus, PEO is proving to be an effective syner-
gistic adsorbent.

The MOFs are an underutilized group of porous
adsorbent; they are a class of porous crystalline materi-
als with pore size and shape which are tunable via
organic linker and inorganic moiety interaction.26–29

Though MOFs can be tailored to express multiple
enhanced adsorbent properties, recent reports suggest
that MOFs may not exhibit excellent adsorption capa-
cities and are actually difficult to remove from water
post-treatment. Hydrogels on the other hand form mas-
sive insoluble 3D polymeric chain network via physical
and chemical cross-linking and can possess the ability
to adsorb contaminants with easy removal from water
post-treatment.30,31 Hence, synergistically combining
MOFs and other materials, such as PEO hydrogel, may
be an effective technique to improve the MOFs proper-
ties and enhance the adsorption capacity. Thus, this
study reports a synergistically combined MOF and
PEO adsorbent which was employed for the sequestra-
tion of MB from dye wastewater.

Materials and method

Materials and preparation of metal-organic
framework and polyethylene oxide hydrogel

Ultra-pure water and analytical grade chemicals were
used throughout this work. The chemicals used include

lanthanum (III) nitrate hexahydrate (LaN3O9.6H2O)
(Merck), poly (ethylene oxide) (PEO) (Sigma Aldrich),
poly(vinyl alcohol) (Sigma Aldrich), glutaraldehyde
(Merck), N,N-Dimethylformamide (HCON(CH3)
(AR) (Promark Chemicals), Methanol (CH3OH)
(99.99%) (Promark chemicals), terephthalic acid (1,4
benzene dicarboxylic acid) (Acros Organics), hydro-
chloric acid (Merck), nitric acid (Merck), and methy-
lene blue (C16HClN3S) (Labochem).

Similar metal organic framework (MOF) prepara-
tion method as reported32 was used for the prepara-
tion of lanthanum metal organic framework
(LaBDC). The LaN3O9.6H2O (0.02008mol) and ter-
ephthalic acid (C8H6O4) (0.02008mol) were dissolved
in 80mL of HCON(CH3) and refluxed under mild
stirring for 8 h at 100�C. The MOF product of the
reaction was centrifuged, washed with methanol
thrice, oven dried at 75�C for 6 h, labeled LaBDC and
preserved for further use.

Earlier hydrogel preparation methods reported25,33

were adopted for the preparation of the PEO hydrogel.
About 10.0 g of PVA polymer was dissolved in 100mL
of ultra-pure water in a 250mL beaker at 90�C on a hot
plate with mild stirring and cooled to room tempera-
ture, the PEO (5mL) was added followed by 10mL of
2.5% glutaraldehyde solution in 1% HCl, as a cross-
linking agent and catalyst to the reaction mixture. This
was stirred for 15min and incubated at 80�Cin an air
ventilated oven. The hydrogel product was incubated in
the oven at 80�C overnight to eliminate water then
freeze dried, labeled PEO hydrogel and preserved for
further use.

MOF-hydrogel (PEO-LaBDC) composite

The MOF-hydrogel (PEO-LaBDC) composite was pre-
pared following earlier reported method.25,33 A mass of
10.0 g of PVA polymer in a 250mL beaker was dis-
solved in 100mL of ultra-pure water at 90�C while stir-
ring and allowed to cool to room temperature (24�C).
A mass of 100mg of LaBDC was then added to the
cooled reaction mixture under vigorous stirring and
5mL of PEO was added, followed by 10mL of 2.5%
glutaraldehyde solution in 1% HCl (cross-linking
agent and catalyst) and vigorously stirred for 15min
(Figure 1). The reaction mixture was incubated and
freeze dried as described above to produce the PEO-
LaBDC composite hydrogel.

Characterization of the adsorbents

The physicochemical properties of the pristine LaBDC
MOF, PEO hydrogel, and PEO-LaBDC composite
were determined with the aid of a Zeiss Auriga Field
Emission Scanning Electron Microscope (Germany)
and Fourier Transform Infra-red spectrophotometer
(Thermo Scientific, NICOLET iS50, USA). A T80+
UV-visible spectrometer was used for the determination
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of the residual concentration of MB from the batch
adsorption experiments.

Batch adsorption studies using LaBDC, PEO hydrogel,
and PEO-LaBDC composite

Adsorption kinetics studies and effect of pH on the MB
adsorption were carried out using all adsorbents:
LaBDC MOF, PEO hydrogel, and PEO-LaBDC com-
posite. These experiments were carried out in duplicates
for reproducibility. A stock solution of MB (1000mg/
L) was used to prepare the working solutions (20mg/L)
via serial dilution throughout this study. Batch adsorp-
tion studies of MB were carried out using 20mg of
LaBDC, PEO hydrogel, or PEO-LaBDC composite
hydrogel in 20mL of MB in 50mL plastic tubes. An
electric shaker at 200 rpm was used to equilibrate the
mixtures of MB and each adsorbent per time. For the
rate (effect of time) of MB adsorption, tubes represent-
ing varying time from 1 to 360min were equilibrated
and in due time, tubes representing specific times were
retrieved from the shaker, centrifuged at 4000 rpm for
10min and the supernatant was used to determine the
concentration of MB left in the solution. The adsorp-
tion equilibrium times were recorded as 120 and 1min
for LaBDC and PEO hydrogel, respectively, while it
was 60min for the PEO-LaBDC composite hydrogel.
Thus, the study of the effect of pH was carried out in
the pH range of 4–12 using equilibrium time of 120, 1
and 60min for LaBDC, PEO and PEO-LaBDC, respec-
tively, while using 20mL of MB solution (20mg/L) and
20mg of each adsorbent.

Data analysis

Equation (1) was used to evaluate the quantity, qe (mg/
g), of MB adsorbed by each of the adsorbents.

qe ¼
v

m
ðCo � CeÞ ð1Þ

where the initial and final concentrations of MB, the
quantity of MB adsorbed in mg/g at equilibrium, vol-
ume of the solution (mL) and mass (g) of adsorbent
used are denoted as Co, Ce, qe, v, and m, respectively.

The effect of time experimental data obtained for
each of these adsorbents were subjected to further anal-
ysis using four non-linear kinetic models; the pseudo
first order (PFO) (equation (2)), pseudo second order
(PSO) (equation (3)), the homogeneous fractal pseudo
second order (FPSO) (equation (4)) and the Webber-
Morris intra particle diffusion kinetic (IPD) (equation
(5)).2,12

qt ¼ qe 1� e�k1t
� �

ð2Þ

qt ¼
q2ek2t

1+ qek2t
ð3Þ

qt ¼
kfq

2
e t

a

1+ kfqeta
ð4Þ

qe ¼ kIPDt
1=2 +C ð5Þ

The items qe and qt are the quantity of MB adsorbed
(mg/g) at equilibrium and time t, respectively; and k1
(/min) and k2 (g/mg/min) are the rate constants of the
PFO and PSO, respectively. The ki (g/g/min1/2) is the
rate parameter of IPD control stage and C is the sur-
face concentration of MB on each adsorbent. The
Origin 8 pro software was used to generate all model
parameters.

Figure 1. Schematics of the preparation of PEO-LaBDC composite.
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Results and discussions

Adsorbents’ physicochemical properties

The FTIR spectra of the pristine LaBDC MOF, PEO
hydrogel, and PEO-LaBDC composite are presented in
Figure 2. The FTIR spectra (Figure 2(a)) of the pristine
LaBDC MOF exhibited a broad peak at 3200 cm21

which was ascribed to 2OH stretching vibration.6 The
peaks at 1572, 1508, and 1421 cm21 were ascribed to
vibrational modes of –C=O typical to the carboxylate
in the LaBDC, while the peak at 1277 cm21 was for the
C2H bending vibration. The spectra peaks exhibited at
1107.1 cm21 was due to C2N stretching vibration from
DMF34,35 signifying that trace quantity of the DMF
used for the synthesis occupied some pores of the pris-
tine LaBDC. The sharp peak at 747 cm21 in the
LaBDC spectrum was attributed to C-H bending vibra-
tion from the benzene ring36 while the peak at
504.5 cm21 was attributed to the La-O bending vibra-
tions.35–37 The spectra of the PEO hydrogel (Figure
2(a)) revealed strong peaks of the functional groups
present in the hydrogel. For instance, the stretching
vibration peaks of 2OH in the cross linker were
observed at 3257.9 cm21. The peaks at 2940.5 and
1087.6 cm21 (Figure 2(a)) were attributed to C-H and
C-O stretching vibrations, respectively; both peaks
were comparable to those earlier reported.38 At
2941.0 cm21, the adsorption peaks obtained were
ascribed to C-H bond of the CH2 group of the PEO
polymer.33,39 The characteristic adsorption peaks of
PEO hydrogel corresponding to C6H6 and C-O-C
groups were observed at 1416.7 and 1327.6 cm21 for
the PEO hydrogel.40

The PEO-LaBDC composite FTIR spectra (Figure
2(b)) exhibited a combination of peaks from both the
PEO hydrogel and the LaBDC MOF (Figure 2(a))
though with slight shifts observed for some of the func-
tional peaks in the composite. These shifts could be
assumed to have resulted from the incorporation of

LaBDC MOF in the PEO hydrogel matrix to obtain
the PEO-LaBDC composite. Theoretically, peaks of
the interacting functional groups are assumed to shift
toward lower wave number.25 In the PEO-LaBDC
composite, the peak due to the stretching vibration
mode of O-H group in the cross linker was observed at
3257.4 cm21 (Figure 2(b)), while the peaks at 2941.0
and 1087.0 cm21 (Figure 2(b)) were attributed to C-H
and C-O stretching vibrations, respectively.39 The
adsorption peaks ascribed to the C-H bond of the com-
posite-CH2 group were found at 2941.0 cm21 similar to
the spectra of PEO.33 The C=O stretching vibrations
(assumed to be from the ester group formed within the
composite) was expressed at 649.4 cm21, while the
characteristic peaks of C6H6 and C-O-C groups were
unchanged as those in the PEO hydrogel.40

The SEM micrographs of the pristine LaBDC, PEO
hydrogel and PEO-LaBDC composite are shown in
Figure 3. The micrographs indicated that the LaBDC
had well defined cubic shape structures (Figure 3(a)
and (b)). The morphology of the PEO hydrogels
(Figure 3(c) and (d)) exhibited pores which resulted
from syneresis (expulsion of moisture resulting in the
cross-linking) for the formation of the PEO hydrogel.
The PEO-LaBDC composite (Figure 3(e) and (f)) also
exhibited the peculiarity to syneresis during hydrogel
formation creating smaller pores in the hydrogel from
the crosslinking and loading of LaBDC MOF into the
PEO matrix. The pores on the PEO-LaBDC (Figure
3(e) and (f)) composite on very close physical inspec-
tion of the SEM micrographs appear to be more closely
positioned than in the PEO which might have resulted
from the linkage between the pristine LaBDC MOF
and the pristine PEO to form the PEO-LaBDC compo-
site. Syneresis facilitated the approximation of the poly-
mer chains to form the hydrogel during cross-linking
leading to reduction in the structure. The extrusion of
moisture as droplets from the hydrogel network also
contributed to the formation of pores.24

Figure 2. FTIR spectra of (a) LaBDC and PEO, and (b) LaBDC, PEO, PEO-LaBDC composite.
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Dye uptake studies and data analysis

Kinetics of MB adsorption on the LaBDC, PEO and PEO-
LaBDC. Adsorption experiments were carried out on
pristine LaBDC MOF, PEO, and PEO-LaBDC adsor-
bents to determine the uptake rate. The adsorption
trends (Figure 4(a)–(c)) showed an increased uptake
with time; this was ascribed to the availability of
adsorption sites for the cationic MB. The MB uptake
of all adsorbents increased with time until the adsorp-
tion sites were filled and the curves in Figure 4 became
plateaus which marked equilibrium time.14,15 At equili-
brium, the various adsorption rates expressed insignifi-
cant differences between uptake and desorption.2,41

The trends showed that the equilibrium time of removal
of MB by the pristine LaBDC MOF was 120min
(Figure 4(a)), PEO hydrogel (Figure 4(b)) was slower
with equilibrium time of 125min when compared to the
pristine LaBDC MOF and the composite (PEO-
LaBDC) (Figure 4(c)) was faster and reached

equilibrium within 60min. Thus, the composite exhib-
ited a faster rate of adsorption than either of the pris-
tine adsorbents, hence a better adsorbent.

Insights into the adsorption mechanisms were
obtained by employing the experimental data through
fitting into four non-linear kinetic models: PFO, PSO,
FPSO and the Webber-Morris IPD (Table 1).
Comparing the generated model data of the PFO, PSO
and FPSO suggested that the FPSO fitted the adsorp-
tion data better with higher correlation coefficients
(r2 ø 0.796), smaller chi square (x2), and with qe values
closer to experimental values; and this model could suf-
ficiently describe the mechanism of MB uptake from
solution by these adsorbents. Though the estimated
FPSO qe value for LaBDC was significantly higher
than the experimental value, other parameters sug-
gested the sorption process could be described by the
FPSO. The FPSO model implied that the adsorption
processes were complex and that electrostatic

Figure 3. Scanning Electron Microscope images of bricked shaped LaBDC MOF (a and b); PEO hydrogel (c and d); and PEO-LaBDC
composite (e and f).

Figure 4. Adsorption rates of MB at varying time for (a) LaBDC, (b) PEO, and (c) PEO/LaBDC composite.
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interactions and other Vander Waals forces were
involved in the uptake of MB molecules from solution
during the adsorption process.13

Evaluation of the experimental data fitting of the
Webber-Morris IPD model showed that the LaBDC
adsorbent exhibited a relatively high surface adsorption
(C) of 5.9mg/g (’60%) compared to the PEO having
’6.0mg/g (’34%) surface adsorption. Subtracting the
surface adsorption from total adsorption, the rest were
attributed to adsorption within the pores of the adsor-
bents.20 The observed IPD model results of the compo-
site PEO-LaBDC showed that the composite surface
adsorption were somewhat in between those of both
pristine materials.

Effect of pH on MB adsorption onto LaBDC, PEO hydrogel and
PEO-LaBDC co mposite. The effect of the adsorbate (MB)
solution pH on adsorption was studied between pH 4
and 12 since pH affects the charge densities surround-
ing the adsorbent and adsorbate in solution.9,42 The
trend observed showed that at lower pH the three
adsorbents demonstrated low uptake of MB (Figure 5),
but as the pH increased, a corresponding increase in
the MB uptake was observed which reached optimum
at the alkaline pH region for all adsorbents. The pH of
optimum adsorption was observed to be 12, 10, and 10
for the LaBDC, PEO hydrogel and PEO-LaBDC com-
posite, respectively, with optimum MB adsorption of
9.1, 17.0, and 27.3mg/g accordingly. Comparatively,
the composite exhibited a better adsorption perfor-
mance; buttressing the idea that synergism between
adsorbents could enhance adsorption processes. The
adsorption trend as pH increased implied that the sur-
faces of these adsorbents as well as the MB were highly

protonated (H+) and uncharged at low pH which
resulted in reduced electrostatic interactions between
the adsorption sites and the cationic MB molecules,
hence the reduced adsorption. However as the ambient
solution pH increased from pH 4 toward alkalinity, the
proton concentration in the solution decreased continu-
ously resulting in deprotonation of the adsorption sur-
faces and the MB molecules with a consequent buildup
of electrostatic attraction between both surfaces.41 This
was what led to the enhanced adsorption of cationic
MB observed.43–46

Comparative examination of the optimum adsorp-
tion of all three adsorbents studied at varying solution
pH showed that the PEO-LaBDC composite exhibited
the highest MB uptake (27.5mg/g) at pH 10 which
accounts for ’177% increase in adsorption when com-
pared with the pristine LaBDC MOF (9.1mg/g) at
optimum adsorption pH of 12. Thus, this result sup-
ports the trends in recent reports that synergistic com-
bination of adsorbents in composite materials is one
way to enhance the adsorptive removal of pollutants in
aqueous media. Therefore, the PEO-LaBDC composite
is a promising adsorbent for the remediation of MB
from aqueous media.

Conclusion

A synergistic adsorbent, PEO-LaBDC composite was
prepared from pristine LaBDC MOF and PEO hydro-
gel. The pristine and composite adsorbents were suc-
cessfully characterized and employed for MB
adsorption from aqueous solution. The composite
exhibited a faster rate of adsorption than either of the
pristine adsorbents, hence a better adsorbent, and the
kinetics followed the FPSO model. The PEO-LaBDC
exhibited ’177% increase in adsorption when com-
pared with the pristine LaBDC MOF at optimum
adsorption pH; thus, the PEO-LaBDC composite is a

Table 1. The values of the respective kinetics model
parameters used for the evaluation of MB adsorption.

Kinetic
model

Parameter LaBDC PEO-PVA PEO/LaBDC

PFO r2 0.411 0.885 0.888
x2 1.704 2.769 6.667
qe(mg/g) 8.8 16.2 24.6
K1 0.911 0.034 0.043
r2 0.532 0.927 0.901

PSO x2 1.354 1.747 5.877
qe(mg/g) 9.0 17.4 26.1
K2 0.122 0.002 0.002

FPSO r2 0.991 0.984 0.905
x2 0.024 0.392 5.621
Kf 4.7 3 10–4 0.005 0.005
qe(mg/g) 106.5 25.7 30.0
ö 0.114 0.415 0.582
r2 0.918 0.873 0.749

IPD x2 0.237 3.067 14.917
KIPD 0.184 0.521 0.767
C (mg/g) 5.9 6.0 9.6

Figure 5. Effect of pH on adsorption of MB by LaBDC, PEO
hydrogel, and PEO-LaBDC composite.
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potential effective adsorbent for the removal of MB
from dye contaminated water.
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