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(FPSOM), Langmuir and Freundlich adsorption 
isotherm models, and MB adsorption capacities of 
LaBDC and ZnBDC are 35.0 and 55.0 mg/g, respec-
tively. The process is physisorption, spontaneous, and 
feasible. The ZnBDC MOF had a better potential for 
the removal of MB from an aqueous solution than 
LaBDC. Both MOFs have the potential to sequester 
MB from aqueous phases but can be enhanced for 
better performance.

Keywords Metal–organic framework · Lanthanum · 
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1 Introduction

Water contamination has become a global concern 
due to population growth and industrialization, which 
exert enormous pressure on the quantity and qual-
ity of potable water supply. According to reports, 
between 5 and 10 million people are poisoned yearly 
from the consumption of contaminated water (Savin 
& Butnaru, 2008). Prominent environmental water 
contaminants range from toxic metals (such as Pb(II), 
Cd(II), As(III), Cr(VI), and Hg(II)I) to organic con-
taminants (such as pesticides, polycyclic aromatic 
hydrocarbons, and dyes) (Diagboya et  al., 2021a, 
2021b; Olu-Owolabi et  al., 2022; Sera et  al., 2022; 
Zanele et  al., 2021). The persistence and continu-
ous increase of these contaminants in water and their 
concomitant health effects have resulted in enhanced 
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Abstract Two metal–organic frameworks (MOFs), 
lanthanum-1,4-benzene dicarboxylate (LaBDC) 
and zinc-1,4-benzene dicarboxylate (ZnBDC) were 
synthesized via the reflux-controlled solvothermal 
process. The characterization of both adsorbents 
confirmed the physicochemical properties of well-
defined surface morphology with high porosity and 
thermal stability greater than 450  °C. Adsorption of 
methylene blue (MB) using both MOFs showed that 
the rate of MB removal reached equilibrium at 120 
and 30  min for LaBDC and ZnBDC, respectively. 
The MB adsorption was pH dependent with opti-
mum adsorption at pH 12, and the adsorption data 
trend fitted the fractal pseudo-second-order model 
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efforts to develop new or more effective remediation 
strategies for processing potable water.

One major class of organic contaminants in the 
water is a dye. Dyes are found in wastewater released 
from textile, cosmetics, leather, paper, food, and 
several other industries as effluents into freshwater 
bodies (Diagboya et  al., 2014; Liu et  al., 2016). An 
estimated 2.8 ×  105 tons of dyes are discharged into 
water bodies from more than 7 ×  105 tons of 10,000 
different types of dyes that are produced annually 
worldwide (Lin, 2015; Mohammed & Jaarrod, 2010; 
Zhang et  al., 2017). These effluents that are usually 
discharged without adequate treatment exert adverse 
effects, such as reducing water quality and lowering 
aquatic photosynthetic activities due to decreased 
light penetration for the sustenance of aquatic plants. 
Methylene blue (MB), a cationic dye is of utmost con-
cern in water treatment studies because it contains a 
similar cationic moiety as found in most reactive dyes 
employed in the pulp and paper, printing, textile, and 
leather industries. It is difficult to degrade because 
it contains benzene rings and N and S atoms, which 
also make it toxic, mutagenic, teratogenic, and cause 
serotonin syndrome (a red blood cells breakdown 
caused by the conversion of ferric iron in hemoglobin 
to ferrous iron), and irritation of the skin and the eyes. 
Other health effects include high blood pressure, 
shortness of breath, confusion, headache, profuse 
sweating, and vomiting (Ayati et al., 2016; Diagboya 
& Dikio, 2018b; Liu et al., 2016; Okoli et al., 2017; 
Zhao et al., 2015). Consequently, the need to amelio-
rate these challenges to human health and the envi-
ronment cannot be overemphasized. Methods such 
as oxidation, biodegradation, photo-degradation, and 
adsorption (Mohammed & Jaarrod, 2010) are used for 
dye removal from wastewater, and adsorption is the 
most popular of these. Dyes are well known for their 
stability in the presence of light and heat, and resist-
ance to oxidation and biodegradation, but are easily 
removed via adsorption (Ayati et  al., 2016; Fallah 
Shojaei et  al., 2018). Hence, adsorption has become 
the main strategy of focus for researchers in dye 
wastewater remediation studies. Thus, different types 
of adsorbent materials (natural and synthetic) have 
been reported for the removal of dyes from waste-
water. Biosorbents prepared from agricultural wastes 
provide low-cost and environmentally friendly adsor-
bents for dye removal from wastewater. They can be 
used in their original or modified forms as pristine 

biomass and activated charcoal. These include maize 
cob (Juang et al., 2002), rice hulls, fruit peels, stones 
and nutshells (Aygün et al., 2003; Hameed & Hakimi, 
2008), bagasse/sugar beet pulp (Malekbala et  al., 
2012; Valix et al., 2004), coir pith (Namasivayam & 
Kavitha, 2002), banana pith (Kadirvelu et al., 2000), 
straw, rice husk (Malik, 2003; Mohamed, 2004), 
and pinewood, sawdust (Malik, 2003) and bamboo 
(Guo et al., 2014). Other adsorbents include red mud 
(Wang et al., 2019), sludge (Jahagirdar et al., 2015), 
magnetic graphene oxide (Farooq Khan et al., 2022b), 
magnetic gum acacia hydrogel (Farooq Khan et  al., 
2022a), metal hydroxides (Starukh, 2017), and fly ash 
(Ge et  al., 2018). These adsorbents have disadvan-
tages (low adsorption capacity, high cost of activated 
carbon due to large energy requirement, non-selec-
tivity and secondary waste generation, and prob-
lem of regeneration) which have compelled renewed 
research for alternative adsorbents with high adsorp-
tion efficiencies to effectively remove dyes from 
wastewater (Lin, 2015; Zhang et al., 2016; Zhao et al., 
2015). New adsorbents like metal–organic frame-
works and hybrid composites possess merits such as 
high specific surface area, large pore volumes, abil-
ity to tailor their pore sizes and regulate adsorption 
capacity (Akpotu et  al., 2022b; Ali, 2012; DeCoste 
& Peterson, 2014; Gangadhar et  al., 2012; Hasan & 
Jhung, 2015; Hasan et al., 2013) have been reported 
to exhibit potentially improved properties for the 
removal of the toxic benzene ring and N and S atoms 
containing contaminants from aqueous media (Fallah 
Shojaei et al., 2018; Gong et al., 2018; Nakhla, 2009; 
Namasivayam and Kavitha; Sriram et al., 2021; Wang 
et al., 2017).

Metal–organic frameworks (MOFs) are a class 
of porous materials that consist of bridging ligand 
(organic linker) bonded via coordination bonds 
to a transition metal ion (secondary building unit 
(SBU)) (Bosch et  al., 2017; Dikio & Farah, 2013; 
Nakhla, 2009; Sriram et al., 2021). They have found 
application in areas such as catalysis (Mulfort et al., 
2009), hydrogen storage (Schoedel et  al., 2016), 
methane storage (Lin et al., 2016), and drug deliv-
ery (Horcajada et  al., 2006; Munoz et  al., 2003). 
A previous study in our laboratory reported that 
cadmium-organic framework (Cd-H4bta) exhibited 
good potential for the removal of Cu(II), Pb(II), and 
Ni(II) with adsorption capacities of 183.4, 171.4, 
and 120.3  mg/g, respectively (Shooto & Dikio, 
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2018). Similarly, Cu-MOF (Cu-BTC) expressed 
excellent capacity for the adsorption of MB from 
wastewater (Lin et  al., 2014), while a composite 
 H6P2W18O62 (MOF-5) demonstrated significantly 
enhanced MB adsorption efficiency of approxi-
mately 195 mg/g from aqueous medium (Mulugeta 
& Lelisa, 2014). Therefore, since only a few stud-
ies have reported adsorption of MB on MOFs, the 
objective of this study was to synthesize 1,4 ben-
zene dicarboxylic linked lanthanum (lanthanum-
1,4-benzene dicarboxylate (LaBDC)) and zinc 
metal–organic frameworks (zinc-1,4-benzene dicar-
boxylate (ZnBDC)) via the solvothermal reflux-con-
trolled method for the removal of MB from aqueous 
media.

2  Materials and Method

2.1  Materials and Preparation of Metal–Organic 
Frameworks (MOFs)

Ultra-pure water and analytical-grade chemicals 
were used throughout this study. The chemicals 
include terephthalic acid  (C8H6O6) (> 99%) (Acros 
Organics), N,N-dimethylformamide (DMF) (Pro-
mark Chemicals), methanol  (CH3OH) (99.99%) 
(Promark chemicals), lanthanum (III) nitrate, hexa-
hydrate,  (LaN3O9.6H2O) (Merck) zinc nitrate hexa-
hydrate (Zn(NO3)2.6H2O (Merck), and methylene 
blue (MB) (Labochem).

Lanthanum-organic framework (LaBDC) and 
Zinc-organic framework (ZnBDC) were prepared 
according to the reported method (Shooto et  al., 
2016). The LaBDC was prepared by dissolving 
La(NO3)3.6H2O (0.02008  mol) and terephthalic 
acid (0.02008 mol) in 80 mL of dimethylformamide 
(DMF) in a 250-mL round bottom flask. This was 
refluxed under mild stirring for 12 h at 105 °C. The 
reaction products were centrifuged, collected, and 
washed with methanol thrice, dried at 75  °C for 
≈ 6 h, and preserved for further use. Similarly, the 
ZnBDC was prepared by dissolving Zn(NO3)2.6H2O 
(0.02008 mol) and terephthalic acid (0.02008 mol) 
in 80  mL of DMF in a 250-mL round bottom 
flask. This was refluxed under mild stirring for 8 h 
at 105  °C. Treatment of the product was as stated 
above.

2.2  Characterization of LaBDC and ZnBDC 
Adsorbents

The adsorbents were characterized using a scanning 
electron microscope (SEM), (Zeiss Auriga Field 
Emission, Germany), energy dispersive X-ray (EDX) 
(attached to an Oxford X-max detector equipped 
with Aztec software), the Brunauer–Emmett–Teller 
(BET) surface area was determined by a Micromet-
rics TriStar 113,020 (USA), Fourier transform infra-
red (FTIR) spectrophotometer (Thermo Scientific, 
NICOLET iS50, USA), powder X-ray diffraction 
(pXRD) (Shimadzu XRD-7000, USA), thermogravi-
metric analyzer (TGA) (Perkin Elmer TGA 4000, 
PerkinElmer Instruments, Waltham, MA). The pH at 
the point of zero charges (pHpzc) of both MOFs was 
determined using the solid addition method (Zanele 
et al., 2021).

2.3  Batch Adsorption Studies Using the LaBDC and 
ZnBDC Adsorbents

A stock solution of 1000 mg/L of MB was prepared 
for use throughout the study. The working solutions 
were prepared from this stock solution via serial dilu-
tion. Replicates batch adsorption studies of MB blue 
using 20  mg of either LaBDC or ZnBDC were car-
ried out in 20 mL of 50 mg/L MB in 50-mL plastic 
vials. The mixtures of MB/MOFs were equilibrated at 
200 rpm on an electric shaker. For the effect of time 
or rate of MB adsorption, similar tubes representing 
varying times from 1 to 240  min were equilibrated; 
tubes representing a particular time were withdrawn 
from the shaker at the appropriate time, centrifuged 
at 4000 rpm for 10 min, and the supernatant used to 
determine the amount of MB left in the solution. It 
was observed that adsorption equilibrium was estab-
lished within 120  min for LaBDC and 30  min for 
ZnBDC. Subsequent parameters such as effects of 
pH (2–12), initial MB concentration (20–60  mg/L), 
and ambient temperature (300, 310, and 320 K) were 
studied adopting the equilibrium time of 120 and 
30  min for LaBDC and ZnBDC, respectively, using 
20 mL of MB solution and 20 mg of each adsorbent.

2.4  Data Treatment

The initial concentration (Co) and final concentration 
(Ce) of MB concentration in solution were used to 
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calculate the amount of MB adsorbed qe (mg/g) using 
Eq. 1.

where v and m are the volume of the solution (mL) 
and mass (g) of adsorbent used, respectively.

The nonlinear pseudo-first-order (PFO) model 
(Eq. 2) and pseudo-second-order (PSO) model (Eq. 3) 
(Lagergren, 1898), the Webber–Morris intraparticle 
diffusion (IPD) kinetics model (Eq.  5) (Weber and 
Morris, 1963), and the homogenous fractal pseudo-
second-order model (FPSOM) (Eq.  4) (Haerifar & 
Azizian, 2014; Olu-Owolabi et al., 2021) were used in 
modeling the data.

where qe and qt are the quantity of MB adsorbed 
(mg/g) at equilibrium and time t, respectively; 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 LaBDC and ZnBDC. 
The model parameters obtained were computed using 
Origin 8 software.

The equilibrium adsorption data were analyzed 
using the Langmuir (Langmuir, 1916) (Eq. 6) and Fre-
undlich adsorption isotherm models (Freundlich, 1907) 
(Eq. 7).

The Langmuir adsorption isotherm model is given 
as

The Freundlich adsorption isotherm is given by 
Eq. (7).

(1)qe = (CO − Ce)v∕m

(2)qt = qe(1 − e−k1t)

(3)qt =
q2
e
k
2
t

1 + qek2t

(4)qt =
kf q

2

e
t�

1 + kf qet
�

(5)qe = kIPDt
1∕2 + C

(6)qe =
QObCe

1 + bCe

(7)qe = kf C
n
e

where Qo is the maximum adsorption capacity per 
unit weight of adsorbent, b is a solute–surface inter-
action energy-related parameter, qe and Ce are same 
as above, and kf is the Freundlich isotherm constant. 
and n is the model linearity parameter.

The thermodynamic parameters—enthalpy change 
(ΔHº) and entropy change (ΔSº)—were obtained 
using the equilibrium adsorption data at 300, 310, 
and 320 K by first determining the value of Kc using 
Eq. 8 for all data points

The Kc values of each point were plotted against 
qe values to obtain the values of Kc for each tempera-
ture. The ln Kc values were then plotted against the 
reciprocal of the temperatures to obtain the param-
eters in Eq. 9. The Gibbs free energy of sorption ΔGº, 
which is a fundamental criterion for spontaneity, was 
obtained from Eq. 9.

3  Results and Discussion

3.1  Physicochemical Properties

The FTIR spectra analysis (Fig.  1a) of the linker 
exhibited a − OH broad peak at 3200  cm−1. This –OH 
group in the linker was transferred to both MOFs, 
which exhibited weaker − OH broads that were com-
paratively stronger in the ZnBDC, where it was 
expressed at 3158  cm−1. The –C = O peak vibrations 
in both the linker and MOFs were observed at 1572, 
1508, and 1421  cm−1, respectively, while the peak for 
the − C − H bending vibration in all three spectra was 
observed at 1277  cm−1. The − C − N stretching vibra-
tions were observed in LaBDC at 1107.1  cm−1 and at 
1110.4  cm−1 for ZnBDC; since the synthesis did not 
intentionally involve nitrogen, it has been reported 
that the DMF used for the synthesis process is the 
source of this nitrogen in both MOFs (Prabhu et al., 
2019; Zhu et al., 2012). Sharp peaks attributed to ben-
zene ring − C − H bending vibrations were observed 

(8)KC =
qe

Ce

(9)ΔGo = −RTLnK
C

(10)LnKC =
ΔSo

R
−

ΔHo

RT
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at 747   cm−1 (LaBDC) and at 825.7   cm−1 (ZnBDC). 
Metal–oxygen bond bending and stretching vibrations 
due to the La–O bond in LaBDC were identified at 
504.5 and 444.4  cm–1, respectively (Chen et al., 2016; 
Hosseini et al., 2020; Prabhu et al., 2019), while the 
sharp peak at 492.3   cm–1 was ascribed to Zn − O 
stretching vibration in ZnBDC (Hosseini et al., 2016;  
Wang et al., 2014; Wlodarski et al., 2020).

The thermal stabilities of the synthesized MOFs 
are presented in Fig.  1b, c. The thermogram for 
LaBDC (Fig.  1b) and ZnBDC (Fig.  1c) show three 
stages of weight loss by both MOFs with or as the 
temperature increased. The first degradation step 
(≈ 14% weight loss) of LaBDC occurred between 100 
and 225 ℃ while in ZnBDC, it occurred at between 

30 and 240 ℃ (≈  10% weight loss), and this could 
be attributed to the expulsion of water of crystalliza-
tion, trapped DMF molecules and trace of methanol 
(deployed in washing the MOFs after preparation). 
Between 225 and 290 ℃, the second degradation 
stage (≈  9% weight loss) for LaBDC was observed, 
and for ZnBDC, it was around 240 and 370 ℃ (≈ 19% 
weight loss). This later stage was ascribed to the 
decomposition of carbonates in the two materials 
(Prabhu et al., 2019). The third stage of degradation 
leading to the collapse of the coordination bonds 
and dissociation of the ligands (La and Zn) ions in 
the LaBDC and ZnBDC frameworks were observed 
between 581 and 633 ℃ (≈  27% weight loss) for 
LaBDC; between 450 and 525 ℃ (≈  30% weight 

Fig. 1  (a) Comparison of FTIR spectra of 1,4-BDC, LaBDC 
and ZnBDC (insert: LaBDC spectra region between 2250 
and 4044   cm–1); TGA and DTA spectra of b LaBDC and c 

ZnBDC; d typical  N2 adsorption–desorption BET isotherm 
depicted for the ZnBDC at 77 K
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loss) for ZnBDC. The three stages of degradation 
were clearly depicted by the differential thermogram 
(DTA) (red lines in Fig. 1b and c), showing the three 
areas of endothermic heat of absorptions that tally 
with the weight losses in the three stages.

The porosities of both MOFs were studied using 
the BET analysis. The nitrogen adsorption–desorp-
tion isotherms at 77 K for the LaBDC adsorbent (not 
shown) revealed a type II isotherm (hysteresis within 
the range of P/Po = 0.0 to 0.9) with the vertical tail 
observed at P/Po = 0.9, indicating that LaBDC is a 
microporous material (Aghajanloo et  al., 2014; Liu 
et  al., 2008). A similar isotherm was also observed 
for the ZnBDC (Fig.  1d), which also indicates that 
it is a microporous material. The region of the curve 
between P/Po = 0.1–0.8, which is almost linear, 
revealed the end of monolayer adsorption, while 
the knee between P/Po = 0.0–0.1 indicated the com-
mencement of multilayer adsorption in the adsorbent 

ZnBDC. The pore size and volume of the LaBDC 
MOF are 17.90  nm and 0.0022  cm3/g, while those 
for the ZnBDC MOF are 24.35 nm and 0.0207  cm3/g, 
respectively.

The XRD diffraction patterns of both MOFs are 
depicted in Fig.  2a  and b. These diffraction patterns 
correspond to the diffraction patterns obtained for 
similar MOFs prepared via the hydrothermal method 
(Chen et al., 2017) as well as that prepared using the 
solvothermal method (Prabhu et al., 2019) with a sharp 
peak at 2θ of 8.60°, indexed at 220, and a cubic crystal 
structure (Fm = 3 m) (Liu et al., 2009). A sharp crys-
talline peak at 2θ of 21.82° was recorded for ZnBDC 
(Fig. 2b). The X-ray diffraction reference code JCPDS 
no. 00–055-1863 confirms the peak positions and 
intensities of the ZnBDC (Li et al., 1998).

The EDX elemental analysis of LaBDC 
(Fig. 2a insert) and ZnBDC (Fig. 2a insert) showed 
that the LaBDC consists of C, La, and O at 47.7, 

Fig. 2  X-ray diffractograms of a LaBDC (insert: LaBDC EDX result) and b ZnBDC (insert: ZnBDC EDX result); plots of zeta 
potential versus pH showing the pH at point of zero charge (pHpzc) for c LaBDC and d ZnBDC
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41.7, and 10.6%, respectively, while ZnBDC con-
tained C, Zn, and O at 58.8, 22.1, and 16.6%, 
respectively, with 2.6% Na present as impurity; this 
could have been introduced by the precursors used 
for the synthesis.

The performance of an adsorbent is a function 
of the degree of the charge density around it and 
in the adsorbate (Altenor et  al., 2009; Diagboya 
et al., 2019; Zanele et al., 2021). Hence, we evalu-
ated the pH at the point of zero charges (pHpzc) 
of both MOFs, which was observed within the pH 
range of 2–12 (Fig. 2c and d). The pHpzc of both 
MOFs were the same and at 6.8; this indicates that 
the surfaces of these materials would be electron-
accepting (positively charged) between pH 2 and 
6.7, while they would be electron donating (nega-
tively charged) at a pH range of 6.9 and 12.

The SEM micrographs of the synthesized LaBDC 
and ZnBDC are presented in Fig. 3a–d. The morpho-
logical features of LaBDC showed well-defined cubic 
shapes and irregular surfaces (Fig.  3a  and b). The 
ZnBDC at 100  nm magnification (Fig.  3c) showed 
interwoven structures that became irregular shapes 
when observed at 200 nm (Fig. 3d).

3.2  Adsorption Studies

3.2.1  Effect of Time on MB Adsorption on the MOFs 
and the Adsorption Kinetics

The adsorption performances of LaBDC and ZnBDC 
were evaluated using MB. The rate of MB uptake 
by the two MOFs and the establishment of equilib-
rium adsorption time was accessed by the varying 

Fig. 3  SEM images showing the morphologies of the MOFs at various magnifications for a LaBDC (2 µm); b LaBDC (1 µm); c 
ZnBDC (100 nm); d ZnBDC (200 nm)
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experimental time of adsorption of MB onto each 
adsorbent, and the adsorption trends are shown in 
Fig. 4a, b. The data showed that the rates of removal 
of MB in both adsorbents were fast, but equilibrium 
was reached quicker in the ZnBDC (at ≈  30  min) 
compared to the LaBDC (at ≈ 120 min). The higher 
adsorption rate of the ZnBDC may not be uncon-
nected to its larger pore size and volume, which 
makes it easier for the large MB molecules in solu-
tion to access the inner sections of the MOF structure, 
hence achieving equilibrium faster than the LaBDC 
with smaller pore size and volume. The adsorption 
trends observed in Fig.  4a, b (fast-steep section and 
a slow-plateau portion) have been attributed to the 
availability of vacant adsorption sites on the MOFs. 
The fast-steep section occurs are the beginning of the 

experiment when there are plenty of vacant adsorp-
tion sites and the rate of MB uptake is high. As 
equilibrium is approached, the rate reduces because 
vacant adsorption sites are fewer and the differences 
in uptake and desorption become increasingly insig-
nificant until equilibrium, where it is equal with all 
adsorption sites filled, and the plateau appears in the 
rate curve (Diagboya et al., 2021a; Sera et al., 2022).

In order to explain the mechanism involved in the 
MB uptake on the MOFs, the experimental rate data 
were fitted to 4 nonlinear kinetics models: PFO, PSO, 
FPSOM, and the IPD. The kinetics parameters from 
the various model fittings are presented in Table  1. 
The table depicts that the PSO with the highest cor-
relation coefficient (r2 = 0.910) is the best fit for the 
adsorbent LaBDC and describes its MB adsorption 

Fig. 4  Adsorption rates of MB at a varying time for a LaBDC and b ZnBDC adsorbents; adsorption trend at varying pH for c 
LaBDC and d ZnBDC



Water Air Soil Pollut         (2022) 233:442  

1 3

Page 9 of 16   442 

Vol.: (0123456789)

data better than the other kinetic models, and the pre-
dicted qe value correlates better with the experimen-
tal qe values. This implied that the adsorption of MB 
from the aqueous solution onto LaBDC adsorbent 
was controlled mainly by electrostatic interactions 
(Diagboya et  al., 2019). The rate constant (kf) value 
indicated that the rate of MB uptake onto LaBDC 
was very fast. However, the experimental data fit-
ting for the adsorbent ZnBDC (Table  1) showed an 
r2 which correlates better with the PFO model. This 
model governed the rapid adsorption within the first 
few minutes of contact between the MB and ZnBDC 
when MB molecules outnumber available adsorption 
sites (Olu-Owolabi et al., 2022). Thus, for fast adsorp-
tion processes carried out over a wide time range but 
with equilibrium attained within the first few minutes 
of the experiment (as observed in Fig.  4b), the pro-
cess is likely to obey the PFO.

Further analysis of the experimental data for 
the effect of time using the IPD model revealed the 
extent of parameter C, which defines the degree 
of surface uptake of the MB on both adsorbents 
(Zanele et al., 2021). The C values were 5.7 mg/g for 
LaBDC and 1.9 mg/g for ZnBDC; these implied that 
≈  63 and 76% of MB molecules, respectively, were 
involved in the surface adsorption phenomenon on 
both adsorbents (Diagboya et  al., 2021b; Xikhon-
gelo et al., 2021). The IPD plots (not shown) did not 
pass through the graph’s origin, and this indicated 

intra-particle diffusion was not the rate-determining 
step, though it played a significant role in the adsorp-
tion process.

3.2.2  Effect of pH on MB Adsorption on the MOFs

The effect of pH on both MOFs was investigated at 
aqueous solution pH between 4 and 12. This was car-
ried out because pH influences the behavior of both 
adsorbent and adsorbate during the adsorption pro-
cess by affecting the charge density (and subsequently 
electrostatic interactions) surrounding either the 
adsorbate or adsorbent or both (Diagboya & Dikio, 
2018a; Diagboya et  al., 2019; Ebelegi et  al., 2019; 
Nkutha et  al., 2020). At lower pH regions, the MB 
removal was not favored on both adsorbents (Fig. 4a, 
d). However, as pH increased, the adsorption corre-
spondingly increased until it reached the optimum 
pH of ≈ 12. This signifies that at low pH 4, the sur-
faces of the adsorbents were heavily protonated  (H+), 
masking the negatively charged surfaces generated 
by the carboxylic groups in the MOFs. This conse-
quently led to the creation of electrostatic repulsive 
forces between the positively charged adsorbate (MB) 
molecules and the protonated (positive) adsorption 
sites. As the pH increased toward the pHpzc (6.8: for 
LaBDC and ZnBDC), the concentration of the  H+ 
decreased resulting in a gradual buildup of negative 
charges on the surface of both adsorbents, leading 
to the increased electrostatic attraction between the 
adsorbents and the cationic molecules of the adsorb-
ate (Diagboya et al., 2019; Fallah Shojaei et al., 2018; 
Khodaie et al., 2013; Konicki & Pełech, 2019). This 
is the adduced reason for the gradual increase in the 
adsorption of the cationic MB dye molecules until 
optimum uptake of MB was attained by the two 
adsorbents at pH 12.

3.2.3  Equilibrium MB Adsorption and Dynamics 
of the Process

The understanding of the dynamics of the adsorp-
tion of MB on both adsorbents was gained via equi-
librium experiments by varying the concentration of 
the adsorbate (MB) solution from 20 to 60 mg/L and 
the ambient temperature from 300 to 320 K (Zanele 
et  al., 2021). The trends observed are presented in 
Fig.  5a–c. The trend observed for both LaBDC and 
ZnBDC exhibited an increase in the adsorption of 

Table 1  Kinetic models parameter for MB adsorption onto the 
LaBDC and ZnBDC MOFs

Kinetic model Parameter LaBDC ZnBDC

PFO r2 0.379 0.542
qe (mg/g) 8.0 2.4
K 1.041 0.734

PSO r2 0.610 0.663
qe (mg/g) 8.4 2.5
k 0.60 0.413

FPSO r2 0.910 0.606
kf 8.019 0.41
qe (mg/g) 84.6 2.6
α 0.147 0.81

IPD r2 0.872 0.206
kIPD 0.267 0.051
C (mg/g) 5.7 1.9

Experimental qe mg/g 9.1 2.5
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MB as the concentration of MB was increased at all 
temperatures. This linear increase may be an indica-
tion that the adsorbents had available surface sites 
to accommodate the MB molecules arising from 
increased concentration or that multi-layer adsorp-
tion was involved in the increasing uptake; the latter 
was tested using the Freundlich adsorption isotherm 
model. However, comparing the adsorption of MB 
as concentration increased over varying temperatures 
showed that there were no significant differences in 
the MB adsorption when the temperature varied 
from 300 to 320 K. The overall trend tended towards 
an exothermic process. This trend could have arisen 
due to weakened adsorptive forces between the active 

sites of the MOFs and MB species vicinal molecules 
of the adsorbed phase when the temperatures were 
increased (Olu-Owolabi et al., 2012). Another reason 
could be due to an increase in kinetic energy, which 
enhanced MB solubility and made the MB molecules 
move faster and away from the adsorbent surfaces, 
thus leading to the desorption of the adsorbed MB 
molecules (Al-Degs et al., 2008; Olu-Owolabi et al., 
2012, 2016).

The equilibrium data at 300, 310, and 320  K for 
the two adsorbents were further evaluated using the 
Langmuir and Freundlich isotherm models to a gain 
better understanding of the adsorption process. The 
values of the parameters generated from Origin Pro 

Fig. 5  Plot of effect of concentration and temperature on adsorption of MB onto a LaBDC; effect of concentration on MB adsorp-
tion at varying temperature onto ZnBDC at b 300 K, c 310 K, and d 320 K
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2015 software are shown in Table  2. The compara-
tive evaluation of the values of the Langmuir and Fre-
undlich adsorption isotherm parameters for LaBDC 
and ZnBDC showed that the r2 of both models at 
the different temperatures were significantly close to 
unity, implying that both isotherm models could be 
reasonably used to describe the process. The Lang-
muir adsorption isotherm model proposes monolayer 
adsorption on homogeneous surface adsorption sites 
with similar energy, while the Freundlich adsorption 
isotherm model suggests a multi-layer adsorption 
process (Diagboya et al., 2014). The good fit of these 
data to the Langmuir model suggests that the MB 
molecules were adsorbed on similar adsorption sites 
with almost equal adsorption energy. However, the 
good fit to the Freundlich model indicated that there 
was multilayer adsorption due to π–π interactions 
between the aromatic rings of MB initially adsorbed 
on the MOFs’ surface and aromatic rings of MB 
molecules from the solution (Diagboya et al., 2014). 
It has been reported that when adsorption occurs, 
whether by electrostatic interaction (on similar or 
dissimilar sites) or via multilayer adsorption, but 
with forces of interaction of similar energy, the data 
tends to fit both models (Diagboya et al., 2016; Weber 
et al., 1992).

The thermodynamics parameters (∆Ho, ∆So, and 
∆Go) were generated with the experimental data at 
the three different temperatures for each of the adsor-
bents (Table 3). Table 3 reveals negative ∆Go values 
for the adsorption of MB by these adsorbents, indi-
cating a spontaneous and feasible process. The low 
values of ∆So for these adsorbents were suggestive 
of slightly increased randomness at the solid–liquid 
interface during the adsorption process. As suggested 
above, the negative ∆Ho of ZnBDC is indicative 

of an exothermic process, while the value for the 
LaBDC suggests that a further increase in tempera-
ture may enhance the adsorption process. The values 
of the ∆Ho parameter for both MOFs were below the 
40 kJ/mol value for physisorption processes, and this 
implied that the adsorption process was physisorption 
in nature (Akpotu et al., 2022a).

The obtained MOF adsorption capacities of both 
adsorbents for MB were compared with the results 
of MOFs reported in the literature (Table  4). This 

Table 2  Isotherm 
parameters for MB 
adsorption on LaBDC and 
ZnBDC at 300, 310, and 
320 K

Isotherm LaBDC ZnBDC

Parameter 300 K 310 K 320 K 300 K 310 K 320 K

Langmuir Qo (mg/g) 7844.6 8772.2 692.0 17,159.3 21,023.2 20,845.0
r2 0.982 0.988 0.979 0.987 0.987 0.987
b 9.092 7.796 0.000 5.660 4.607 4.646

Freundlich Kf (L/g) 0.67 0.60 0.70 0.828 0.796 0.800
r2 0.981 0.981 0.980 0.987 0.989 0.989
n 1.01 1.00 0.90 1.041 1.049 1.049

Qo (mg/g)
Experimental qe

40.00 38.00 35.00 55.0 55.0 55.0

Table 3  Thermodynamic parameters for the adsorption of MB 
on LaBDC and ZnBDC

Adsorbent ∆Ho

(kJ/mol)
∆So

(Jmol/K)
∆Go (kJ/mol)

300 K 310 K 320 K

LaBDC 6.24 0.03  − 2.36  − 2.23  − 2.94
ZnBDC  − 15.34  − 0.01  − 8.02  − 7.31  − 7.55

Table 4  Comparison of MB adsorption by reported MOF-
based adsorbents

Adsorbent qe (mg/g) Reference

MOF-235 187 (Haque et al., 2011)
Fe-MOF-5 161.3 (Fallah Shojaei et al., 2018)
Fe3O4/Cu3(BTC)2 84 (Zhao et al., 2015)
MIL-101(Fe) 58.8 (Eltaweil et al., 2020)
ZnBDC 55.0 This study
H6P2W18O62/MOF-5 51.81 (Liu et al., 2016)
MIL-53 45.21 (Li et al., 2015)
Cu-BTC 45.05 (Li et al., 2021)
UiO-66-NO2 41.70 (Dinh et al., 2021)
LaBDC 35.00 This study
MOF-5 35.00 (Gong et al., 2018)
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Fig. 6  Scheme for the synthesis of MOF and adsorption of MB
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comparison indicated that though both MOFs were 
similar in structure, the adsorption capacity of MOFs 
depends on the coordinating metal ion; thus, Zn-
MOF exhibited better adsorption capacity than the 
LaBDC MOF. These MOFs were also better than sev-
eral MOFs reported in the literature. A brief scheme 
showing the synthesis and adsorption of the MB on 
the MOF is shown in Fig. 6.

4  Conclusions

The MOF adsorbents, lanthanum-1, 4-benzene dicar-
boxylate (LaBDC) and zinc-1, 4-benzene dicarbo-
xylate (ZnBDC), were successfully prepared via the 
reflux-controlled solvothermal process and used for 
the adsorption of the cationic dye methylene blue 
(MB). The MOFs were well characterized using 
XRD, SEM/EDX, FTIR, and BET, and these showed 
that the MOFs were crystalline with a cubic structure 
for LaBDC and an interwoven structure for ZnBDC. 
The metal–oxygen (M–O) linkage was expressed by 
both MOFs, which were porous, with thermal stabil-
ity which was above 450  °C. The adsorption kinet-
ics followed the FPSOM, Langmuir, and Freundlich 
models, which signified the occurrence of a complex 
adsorption phenomenon. The pH of optimum adsorp-
tion was recorded at pH 12, and the maximum adsorp-
tion values of MB for LaBDC and ZnBDC are 35.0 
and 55.0  mg/g, respectively. The adsorption process 
was physisorption in nature, spontaneous and exo-
thermic. Thus, these MOFs have the potential for MB 
sequestration from water, but further modification 
and enhancements of the surface functional groups 
will be necessary to achieve far better performance.
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