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Abstract
The interaction of eosin B dye from aqueous solution with MIL-100(Fe) and functionalized MIL-100(Fe) metal–organic 
frameworks (MOFs) is reported in this study. MIL-100(Fe) was prepared and functionalized with thioglycolic acid (TH) and 
ethylenediammine (ED) separately by incorporating the thiol (–SH) and the amine (–NH2) group of the functionalizing 
agents into the open metal sites of the MIL-100(Fe) to obtain the acidic (TH-MIL-100) and basic (ED-MIL-100) forms of 
the MOF respectively. Characterization of the MOFs was done by melting point analysis, elemental analysis, spectro-
scopic techniques, scanning electron microscopy (SEM), and powdered X-ray diffraction (PXRD) analysis. The adsorption 
experiments were carried out at different conditions such as pH, adsorbent dosage, contact time, temperature, and ini-
tial concentration of the dye to estimate the optimum conditions and the maximum adsorption capacities. Adsorption 
capacities were observed to increase in the order of ED-MIL-100 < MIL-100 < TH-MIL-100, while the TH-MIL-100 was the 
most effective in the removal process due to acid–base interaction between the acidic thiol group (–SH) and the alkaline 
medium of eosin B dye solution. The Langmuir Isotherm was seen to fit well to adsorption data obtained for all three 
adsorbent materials studied, and adsorption processes followed the pseudo-second order kinetics. This study, therefore, 
indicates the suitability of functionalization of MIL-100(Fe) towards improving its adsorption capacity.
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1  Introduction

Porous coordination polymers (Metal–organic frameworks 
(MOFs)) have been presented as emerging materials show-
ing high degree of porosity and extensively studied due 
to unique characteristics which include structural flex-
ibility and rigidity, high degree of pore volume, and their 
uniquely high specific surface area [1]. The internal sur-
faces of MOFs are also susceptible to tuning to achieve 
the desired characteristics enabling their preparation 
for specific purposes [1, 2]. MOFs having rigid structures 

which possess pores that are well-defined having internal 
diameters of up to about 48 Å are able to present large 
free spaces which could accommodate guest molecules 
achieving MOFs that are applicable for the purpose of 
energy storage [3, 4], adsorption and separation processes 
[5], in-pore assembly of nano particles [6, 7], catalytic pro-
cesses [8, 9], and drug loading/delivery [10–13].

The functionalization of MOFs which is otherwise 
referred to as post synthetic modification enables the 
altering of MOFs surfaces by the introduction of func-
tional groups on to the MOFs which changes the pore 
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functionality of MOF, which results in selective interac-
tions of the pores with guest molecules. The large num-
ber of available ligands with a variety of functionalities 
have enabled the achievement of MOFs having a vari-
ety of functional groups. However, synthesis processes 
using these ligands alone sometimes do not achieve the 
desired functionalities or MOF structure in these materi-
als, hence, it becomes imperative in this case to develop 
alternative routes such as functionalization to achieve 
desired MOF properties by interacting the functional 
groups on the ligands with post synthetic functional-
izing agents to generate MOFs having the desired char-
acteristics [14, 15]. The MIL-100(Fe) MOF is a crystalline 
three-dimensional material prepared from a combina-
tion of iron(III) salt and the tricarboxylate ligand (trimesic 
acid) and this material has been reported as one of the 
highly porous MOFs available. The two mesoporous cage 
sets (24 and 29 Å) are reportedly accessible through the 
microporous windows (ca.8.6 Å and ca.4.7–5.5 Å) of the 
material [16, 17], and the non-toxic nature of the Fe3+ ion 
which is inexpensive and environmentally friendly gives 
the MIL-100(Fe) its importance and desirability.

Synthetic dyes such as methyl red, malachite green, 
and eosin B, have been utilized as essential starting 
materials for colouring purposes in various industrial 
processes ranging from printing, textiles, cosmet-
ics, and leather. However, the widespread use of this 
organic dyes has led to their increased discharge into 
environmental medias which poses significant danger 
to life and the environment due to their toxic nature at 
elevated concentrations. Technologies and procedures 
have been designed with the aim of removing these 
toxic substances from the environment. Utilized proce-
dures for removing dyes from the environment include 
biological treatment, membrane filtration method, and 
adsorption. The adsorption procedure is reported to be 
the most widespread used technique for environmental 
remediation of dyes due to its effectiveness and good 
colour removal potential. Materials such as zeolites and 
activated carbon have been used as adsorbents for the 
removal process, however, their use for dye removal have 
been restricted due to small pore diameter which lim-
its efficiency of dye adsorption [18, 19]. Hamedi et al. 
[18, 19] prepared new MOF composite of MIL-101(Fe)@
PDopa@Fe3O4 and MIL-100(Fe)@Fe3O4@AC nanocompos-
ite for the removal of methyl red (MR), malachite green 
(MG), and rhodamine B (RhB) dye pollutants from the 
environment. The MIL-101(Fe)@PDopa@Fe3O4 adsorp-
tion capacity was obtained to be 1250 mg/g at 298 K for 
MR and 833 mg/g at 318 K for MG and observed to be 
of better efficiency than other adsorbents. The ability of 
the prepared MIL-100(Fe)@Fe3O4@AC to adsorb RhB dye 
was observed to be 769.23 mg/g, and also found to be 

higher than other adsorbents which has been utilized 
for the same process.

Interestingly, an effective assembly strategy via the pre-
modification of organic ligands and/or post-modification 
of prepared MOFs is important for the construction of 
novel MOFs which have found application in several pro-
cesses [20] including dye encapsulation [21]. Hong et al. 
[22] prepared a series of mesoporous Zn-MOFs by coor-
dinating zinc(II) ion with of 9-fluorenone-2,7-dicarboxylic 
acid (H2FDCA), dibenzo[b,d]thiophene-3,7-dicarboxylic 
acid 5,5-dioxide (H2DTDAO), and fluorene-2,7-dicarbo-
xylic acid (H2FDC) which were utilized as adsorbents for 
the removal of methylene blue (MB) from aqueous media, 
and reported that the Zn-MOFs were observed to be excel-
lent adsorbents for the removal of MB. Masoomi et al. [23] 
investigated the photocatalytic activity of three Zn(II) 
MOFs formulated as TMU-4, TMU-5, and TMU-6 which were 
prepared by a mechanochemical technique, in the decol-
orization of the congo red dye. It was observed that the 
photocatalysts were also able to mineralize and degrade 
the dye even in the absence of oxidants such as H2O2. 
Abdollahi et al. [24] also prepared a new Zn-MOF, and for-
mulated as TNU-39, by the ultrasonic irradiation and sol-
vothermal techniques, and investigated the ability of this 
MOF in the removal of congo red (CR) and sudan red (SR) 
dyes. It was observed that removal efficiency for SR was 
higher than that of CR and attributed this to the smaller 
size of the SR dye molecules.

The eosin B dye is reported to be a very reactive organic 
dye with hazardous effects in the environment [25]. The 
combination of this dye with other synthetic dyes for 
domestic and industrial purposes has seen a considerable 
increase over the last decades. These dyes are employed 
in the manufacture of materials such as clothing, paper, 
leather, amongst others to achieve colourful designs and 
to make these items attractive. Wastes generated from the 
use of these dyes are usually discarded indiscriminately 
thereby polluting the environment in the process [1–4]. 
These effluents usually are able to block sunlight and oxy-
gen from penetrating into water bodies depriving aquatic 
forms of life the essential ingredients of their survival. Also, 
these dyes can undergo degradation into compounds 
which have the potential of being carcinogenic and end 
up in the food chain [26, 27] necessitating the need to 
urgently remove these chemicals from wastewater before 
discharge [16].

This work focuses on functionalization of MIL-100(Fe) 
by incorporating the thio- and amine- functional groups 
unto the prepared MIL-100(Fe) using thioglycolic acid 
and ethylenediamine thereby achieving new functional-
ized MIL-100(Fe) materials as a platform for environmen-
tal remediation of dyes. The ability of these functionalized 
MIL-100(Fe) materials to adsorb and remove the eosin B 
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dye from the environment is studied. To the best of our 
knowledge, there is limited information on functionaliza-
tion of MIL-100(Fe) and particularly with thioglycolic acid 
and ethylenediamine for use in the removal of eosin B dye. 
Thus, we report the preparation and functionalization with 
thioglycolic acid and ethylendiamine of MIL-100(Fe) and 
their use as adsorbents for the removal of eosin B dye from 
aqueous media.

2 � Experimental procedure

Iron(III) nitrate nonahydrate (99%), trimesic acid (99%), thi-
oglycolic acid (98%), ethanol (98%), and ethylenediamine 
(98%) were obtained from Sigma Aldrich Co., Germany, 
and used without further purification.

2.1 � Synthesis of MIL‑100(Fe) adsorbents

The MIL-100 was synthesized based on method previously 
described [17, 28]. Iron(III) nitrate nonahydrate (10 mmol, 
4.04 g) was weighed and dissolved in 50 ml of deionized 
water, 9 mmol (1.89 g) of trimesic acid was also weighed 
and dissolved separately in 50 ml of ethanol. The solutions 
were mixed together and refluxed for 12 h at 95 °C. Pre-
cipitate formed was filtered, washed with deionized water/
ethanol (50:50), and dried at room temperature. Thereafter, 

it was activated in a vacuum oven at 150 °C for 10 h, and 
stored in a desiccator.

Functionalization of the synthesized MIL-100 was 
carried out by modifications to a previously reported 
procedure [29]. For the TH-MIL-100, 0.3 g of the dehy-
drate MIL-100(Fe) was weighed into 10 ml of anhydrous 
toluene and 1 ml of thioglycolic acid (TH) was added to 
the suspension. This mixture was continuously refluxed 
at 120 °C for 12 h to obtain an optimized grafting, and 
the resulting solid was washed severally with deionized 
water/ethanol (50:50), dried at room temperature, and 
stored in a desiccator. The same procedure described 
above was followed for the preparation of the ED-
MIL-100, however, thioglycolic acid was replaced with 
ethylenediamine (ED). The equation of reactions is pre-
sented in Schemes 1, 2, 3, 4 below.

2.2 � Characterization of the MOFs

The melting points of the MOFs were determined using a 
Gallen-Kamp melting point apparatus. Elemental analy-
sis was performed on a Perkin-Elmer CHN Analyzer 2400 
series II. UV–Visible measurements were performed on a 
SHIMADZU UV-1650 UV–VIS spectrophotometer. Fourier 
transform infrared (FT-IR) analysis was performed using a 
SHIMADZU scientific model FTIR 8400 s spectrophotom-
eter. Brunauer–Emmett–Teller surface area analysis was 
carried out using NOVA 4200e BET instrument.

Fe(NO3)3.9H2O(s) + TMS(s) [Fe3O(NO3)(H2O)2){C6H3(CO2)3}2](s)

Reflux 

Ethanol, water; 12 h 

Scheme 1   Equation of reaction for synthesis of MIL-100(Fe)

[Fe3O(NO3)(H2O)2){C6H3(CO2)3}2](s) [Fe3O(NO3){C6H3(CO2)3}2](s)

-H2O 

150 C, 10 h 

Scheme 2   Equation of reaction for dehydration of MIL-100(Fe)

Scheme 3   Equation of reaction 
for functionalization of MIL-100 
using thioglycolic acid

MIL-100(s) + TH(l) [Fe3O(NO3){C6H3(CO2)3}2].SH(s)

Reflux 

Toluene, water; 12 h 

Scheme 4   Equation of reaction 
for functionalization of MIL-100 
using ethylenediamine

MIL-100(s) + ED(l) [Fe3O(NO3)C6H3(CO2)3}2].NH2(s)

Reflux 

Toluene, water; 12 h 
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2.3 � Adsorption studies

Adsorption studies were carried out following a proce-
dure previously reported by [30–33]. Adsorption of eosin 
B dye onto the adsorbents (MIL-100(Fe), TH-MIL-100, and 
ED-MIL-100) was studied using eosin B stock solution of 
1000 mg/L. This was prepared by dissolving 0.1 g of the 
eosin B dye in 1000 ml of deionized water. Lower concen-
trations of the dye (5–30 mg/L) were prepared from the 
stock solution by serial dilution with deionized water, and 
the concentration of eosin B determined from absorbance 
measurement at λmax of 530 nm using a SHIMADZU UV-
1650pc Ultraviolet–Visible (UV–Vis) spectrophotometer. 
The calibration curve (Fig. 1) was plotted using absorb-
ance values obtained from the eosin B working standards 
of 5–30 mg/L.

Before adsorption study, the MIL-100 was dried for 12 h 
at 150 °C. The activated MIL-100(Fe) and functionalized 
MIL-100 adsorbents (0.02 g of each) were then added to 
the prepared solutions separately and the mixtures were 
shaken for 2 h. Absorbance readings were taken using the 
UV–Visible spectrophotometer (SHIMADZU UV-1650pc 

Ultraviolet–Visible (UV–Vis) spectrophotometer) at a λmax 
of 530 nm. The effect of concentration, temperature, time, 
pH, and adsorbent dosage on the adsorption process was 
also determined and absorbance before and after the 
adsorption process was taken to determine the quantity 
(qe) of eosin B (mg/g) dye adsorbed at equilibrium using 
the formula:

where Co and Ce (mg/L) are the initial and final concen-
trations of the adsorbates respectively, v is the volume 
of the solution used (ml) and m is the mass (g) of the 
adsorbents. The effect of time was studied at time interval 
of 30–180 min, while the effect of temperature was studied 
at temperature range of 30–70 °C. The effect of pH was 
studied by varying the pH between 2 and 13 using 0.1 M 
HCl or 0.1 M NaOH, while the effect of adsorbent dosage 
was studied using 0.01–0.05 g of the adsorbents, and the 
effect of concentration was studied using 5–30 mg/L of 
the adsorbate.

3 � Result and discussion

3.1 � Characterization of MIL‑100 adsorbents

Physico-chemical parameters and elemental analysis of 
the MIL-100, TH-MIL-100, and ED-MIL-100 prepared are 
presented in Table 1. The melting point of MIL-100 pre-
pared was observed to increase after functionalization.

3.2 � Spectroscopic analysis

The Fourier-transform infrared (FT-IR) spectrum of the 
synthesized MIL-100 in this study was compared with 
previously reported spectrum of the MOF [27]. The pat-
tern shows bands at 3430, 1720, 1382 and 1450 cm−1 cor-
related with the 3500, 1720, 1350, and 1480 cm−1 of the 
previous report [27]. A 0.195 g yield was obtained for the 
TH-MIL-100 representing a 65% yield, and the FT-IR spec-
trum of the functionalized MIL-100 with thioglycolic was 
found to be similar to that of the synthesized MIL-100, with 

(1)qe =

(

Co − Ce

m

)

v
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Fig. 1   Calibration curve showing the plot of absorbance against Co 
of eosin B

Table 1   Physicochemical 
analysis of the MIL-100, 
TH-MIL-100, and ED-MIL-100

Adsorbent Elemental analysis results % found (calc.) % Yield Melting 
point 
(°C)C H N S

MIL-100 22.5 (20.6) 2.98 (2.11) 2.68 (2.67) – 75% 281
TH-MIL-100 30.48 (30.37) 2.55 (2.74) – 12.33 (12.01) 65% 318
ED-MIL-100 15.46 (16.15) 3.92 (3.01) 10.36 (10.99) – 75% 363
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additional bands owing to coordination between the MIL-
100 and the functionalizing agent. The presence of these 
new bands was further confirmed by comparing them 
with the spectrum of a thiol functionalized MOF reported 
by [30]. The synthesized TH-MIL-100 showed additional 
bands at 3000, 2659, and 621 cm−1 correlating with the 
thiol functionalized MOF reported by [30], which are 2900, 
2581 and 686 cm−1 assigned to ʋ(C–H), ʋ(S–H), and ʋ(C-
S) vibrations respectively. The yield obtained for the ED-
MIL-100 was calculated to be 0.225 g, representing a 75% 
yield. The FT-IR spectrum of the functionalized ED-MIL-100 
is also similar to the synthesized MIL-100 with additional 
bands owing to coordination between the MOF and the 
functionalizing agent (ethylenediammine). The presence 
of these new bands was established by comparing them 
with the spectrum of an ethylenediammine functionalized 
MOF reported [27]. The synthesized ED-MIL-100 showed 
bands at 1560, 1030, and 958 cm−1 which correlated well 
with the bands in ethylenediammine functionalized MOF 
previously reported [27]. The absorption bands observed 
at 1598, 1040 and 986 cm−1 were assigned to the ʋ(N–H), 
ʋ(C-N), and ʋ(N-H2) stretching vibrations respectively 
[27]. UV–vis spectrum (Table 3) of MIL-100 gave peaks at 
(27,855, 27,624, 22,272, 21,552 cm–1) 359, 362, 449, 464 nm, 
the band is assigned to @ → @*, n → @*, MLCT respectively 
[33]. The functionalized MIL-100 s i.e. TH-MIL-100 shows a 
shift in the bands to (27,785 cm−1 and 22,321 cm−1) 360 nm 
and 448 nm; while ED-MIL-100 shows a shift in the bands 
to (28,735 cm−1 and 20,121 cm−1) 348 nm and 497 nm 
depicting @ → @* and MLCT respectively. The assignments 
are in accordance to the assignments given by Tella and 
Obaleye [33] in the proposed octahedral geometry of a 
complex. Table 2 and Fig. 2a–c presents the FT-IR absorp-
tion bands of the prepared MOFs.

3.3 � SEM analysis

The surface morphologies and chemical compositions of 
the virgin and the functionalized MIL-100 samples were 
observed by scanning electron microscopy (SEM) and 
presented in Fig. 3a–c. The image of the MIL-100 before 
functionalization showed a smooth crystalline surface. 
However, upon functionalization, morphological trans-
formation occurred and the surfaces became rough 

suggesting that there was partial distortion of the frame-
work during the functionalization process of the MOF [34].

3.4 � Powder X‑ray diffraction analysis results

The PXRD patterns of the MIL-100, TH-MIL-100, and ED-
MIL-100 is presented in Fig.  4. The pattern of MIL-100 
shows characteristic peaks at 2Ɵ value of 26.58°, 27.48°, 
and 27.98° which is comparable with values reported [17, 
28]. Peak observed at 20.94° and 24.1 in the MIL-100 mate-
rial was seen at 20.24°and at 24.86° in the TH-MIL-100. The 
PXRD pattern of the prepared materials are presented in 
Fig. 4.

3.5 � BET analysis results

Measurements of the porosity and surface area of the MIL-
100(Fe), TH-MIL-100, and ED-MIL-100 materials was carried 
out by N2 adsorption experiments (Fig. 5). The BET specific 
surface area values were observed to be 602.516 m2 g−1 
for MIL-100(Fe), 464.948 m2 g−1 for the TH-MIL-100, and 
530.442 m2 g−1 for the ED-MIL-100. There is decrease in 
surface area values for the functionalized TH-MIL-100 and 
ED-MIL-100 materials as compared to the unfunctionalized 
MIL-100(Fe), this is attributed to attachment to the pore 
surfaces and partial blockage of the pores by thio- and 

Table 2   FTIR absorption bands 
of the adsorbents MIL-100, 
TH-MIL-100, and ED-MIL-100

Adsorbents Wavenumber (cm−1)

ʋ(OH) ʋ(C=O) ʋ(C–O) ʋ(C=C) ʋ(C–H) ʋ(S–H) ʋ(C–S) ʋ(N–H) ʋ(C–N) ʋ(NH2)

MIL-100 3430 1720 1382 1450 2970 – – – –
TH-MIL-100 3425 1714 1382 1490 3000 2659 621 – –
ED-MIL-100 3414 1361 1490 – – 1560 1029

Fig. 2   FTIR absorption bands of the adsorbents: a TH-MIL-100; b 
ED-MIL-100; and c MIL-100
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amine- groups on the materials leaving limited accessible 
pore volume for nitrogen molecules [32, 35, 36].

3.6 � Results of adsorption studies

3.6.1 � Effect of concentration

The result of the effect of concentration of the eosin B dye 
on the adsorption process using different adsorbents is 
shown in Fig. 6. The amount of the eosin B dye adsorbed on 

the adsorbents was observed to increase as the concentra-
tion of the dye increased reaching a maximum at 25 mg/L 
for MIL-100 and TH-MIL-100, and 20 mg/L for ED-MIL-100. 
The adsorption sites on the adsorbents were observed 
to become saturated as the concentration of eosin B dye 
increased, resulting in subsequent desorption of the dye 
as the process continued. Increased competition between 
the molecule of the eosin B dye for adsorption sites on the 
adsorbent resulted in an initial increase in the adsorption 
process followed by a subsequent slowing down of the 

Fig. 3   SEM images of a 
MIL-100, b TH-MIL-100, c ED-
MIL-100 at different magnifica-
tion
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process [16]. This phenomenon is attributed to the fact 
that at a low concentration of the dye, solute to adsorbent 
vacant sites ratio is high, which results in an increase in the 
removal of the dye [16]. The result also showed that the 
adsorption capacities of the three adsorbents increased in 
the sequence of TH-MIL-100 > MIL-100 > ED-MIL-100.

3.6.2 � Effect of time

The effect of time on the adsorption of eosin B dye onto 
the adsorbents shown in Fig. 7 indicates that the adsorp-
tion efficiency increased gradually with increase in contact 
time and reached a maximum value after 60 min for MIL-
100, TH-MIL-100, and ED-MIL-100 and remained constant 
thereafter. The experiment was carried out at pH 8.0 using 
25 mg/L dye concentration for MIL-100 and TH-MIL-100, 
and 20 mg/L dye concentration for ED-MIL-100; 0.02 g 
adsorbent dosage for 30–180 min duration in order to 
determine the equilibrium time for the adsorption process. 
The increase in adsorption at the commencement of the 
process is attributed to the availability of vacant adsorp-
tion sites on the adsorbents, which became occupied with 
time [35].

3.6.3 � Effect of pH

Figure  8 shows the effect of pH on the adsorption of 
eosin B onto the adsorbents. The effect was studied 
using the equilibrium concentrations of dye for each of 
the adsorbents (i.e. 25 mg/L for MIL-100 and TH-MIL-100 
and 20 mg/L for ED-MIL-100) for a period of 60 min for 
each experiment, while the pH was varied from 2.0 to 13.0 
using 0.1 M HCl or 0.1 M NaOH. The results showed that 
ED-MIL-100 adsorbed more at lower pH value between 
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2.0 and 5.0. This is suggested to be brought about by 
acid–base interaction of the dye molecules with the sur-
face of the ED-MIL-100 adsorbent [34]. In addition, at high 
pH value (8.0–13.0), the eosin B dye becomes anionic in 
nature due to the presence of hydroxyl ions in its solution 
leading to an increase in the adsorption of the dye onto 
the surface of the TH-MIL-100 adsorbent [36].

3.6.4 � Effect of temperature

The effect of temperature increase on the adsorption pro-
cess of eosin B dye on the adsorbents was studied using 
the equilibrium solution concentrations of dye for each of 
the adsorbents (i.e. 25 mg/L for MIL-100 and TH-MIL-100, 
and 20 mg/L for ED-MIL-100), and 0.02 g of the adsorbent 
at a pH value of 2.0 for MIL-100 and ED-MIL-100, and 8.0 for 
the TH-MIL-100, by varying the temperature between 30 
and 70 °C, for a period of 60 min for each experiment. The 
result of the study shown in Fig. 9 indicated that increase 
in temperature had very minimal effect on the adsorption 
process.

3.6.5 � Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of 
eosin B dye onto the adsorbents was studied using the 
equilibrium concentration of dye solution of 25 mg/L for 
MIL-100 and TH-MIL-100, and 20 mg/L for ED-MIL-100, 
while the amount of adsorbent used was varied from 
0.01 to 0.05 g at a pH of 2.0 for MIL-100 and ED-MIL-100, 
and 8.0 for the TH-MIL-100 for a period of 60 min for each 
experiment (Fig. 10). The removal process was observed 
to increase as the adsorbent quantities increased due to 
an increase in adsorption sites amount of the adsorbents 
was increased which was accompanied by an increase in 

Fig. 6   Effect of concentration on the quantity of eosin B adsorbed 
on the adsorbents

Fig. 7   Effect of time on the quantity of eosin B adsorbed on the 
adsorbents

Fig. 8   Effect of pH on the quantity of eosin B adsorbed on the 
adsorbents

Fig. 9   Effect of temperature on the quantity of eosin B adsorbed on 
the adsorbents
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adsorbents and consequently, available adsorption sites 
[37]. The adsorption of the eosin B dye on the MIL-100 
and TH-MIL-100 reached a maximum with an adsorbent 
dose of 0.03 g for the process involving MIL-100 and TH-
MIL-100, and 0.02 g adsorbent for the process involving 
ED-MIL-100.

3.6.6 � Comparison of UV–Vis spectra measurements 
before and after adsorption

The UV–Vis spectra of the adsorbents were obtained 
before and after the adsorption process, compared and 
the result presented in Table 3.

The results showed shifts in absorption band wave-
lengths of the three adsorbents after adsorption from 
359 nm cm−1, 362 nm and 464 nm to 393 nm, 410 nm 
and 553 nm respectively for MIL-100; 350 nm, 360 nm, 
and 488 nm to 354 nm, 415 nm and 554 nm respectively 
for TH-MIL-100; and 348 nm and 496 nm to 350 nm and 
544 nm respectively for ED-MIL-100. The absorption band 
wavelengths shifted to higher value towards the visible 
region of the spectra, this is probably due to adsorption 
of the dye by the MOFs [38].

3.6.7 � Equilibrium adsorption isotherm studies

Information about adsorption mechanism can be obtained 
from the equilibrium adsorption isotherms using iso-
therms models such as Langmuir, Freundlich, Tempkin, 
and Dubinin–Radushkevich [D–R]. Figures 11, 12, 13, 14 
shows the plot of the various isotherms for the adsorp-
tion process and the parameters of the isotherm equations 
summarized in Table 4.

The linear form of the Langmuir isotherm model gave 
the values of Ka [the Langmuir adsorption constant (L/mg)] 
and Qm [theoretical maximum adsorption capacity (mg/g)] 
obtained from the intercept and slope of the plot of Ce/
Qe versus Ce, respectively. Adsorption onto an adsorbent 
is assumed to be a monolayer adsorption with no interac-
tion between the adsorbate molecules [35, 39]. Correlation 

Fig. 10   Effect of adsorbent dosage on the quantity of eosin B 
adsorbed on the adsorbents

Table 3   Wavelengths of absorbance for the adsorbents before and 
after adsorption

S/N MIL-100 adsorbents Wavelength (nm)

Before adsorption After adsorption

1 MIL-100 359, 362, 464 393, 410, 553
2 TH-MIL-100 350, 360, 488 354, 415, 554
3 ED-MIL-100 348, 497 350, 544

Fig. 11   Langmuir isotherm plot

Fig. 12   Freundlich isotherm plot
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coefficient of between 0.9150 and 0.9676 obtained for the 
three MIL-100 adsorbents strongly supports the Langmuir 
model being most suitable for the adsorption process. The 
Langmuir monolayer capacity Qe of eosin B dye per gram of 
TH-MIL-100 adsorbent was obtained as 53.28 mg suggests 
that it the adsorbent shows highest relevant adsorption 
properties compared to MIL-100 and ED-MIL-100 which 
have 15.20 mg and 7.23 mg values respectively for Qe. The 
linear form of the Langmuir model and the equation used 
in calculating the separation factor (RL) are given in Eqs. 2 
and 3 below:

where Ka (L/mg) is the Langmuir constant and Co (mg/L) 
is the initial concentration. The adsorption process can be 
determined as favorable when the RL value lies between 
0 and 1 [36]. It was found that for the three MIL-100 adsor-
bents the RL values are lower than 1, suggesting the 
favorable adsorption and the fitness of Langmuir model 
to the experimental data.

The Freundlich isotherm model parameters such as 
Kf [(mg  g−1)/(mg  L−1)] and 1/n were obtained from the 
intercept and slope of the linear plot of ln qe versus ln Ce, 
respectively. Kf = Freundlich constant which indicates the 
extent of adsorption; 1/n = heterogeneity factor (adsorp-
tion effectiveness).

(2)
Ce

Qe

=
1

KaQm

+
Ce

Qm

(3)RL = 1∕
(

1 + KaCo
)

(4)lnqe = lnK f +
1

n
lnCe

Fig. 13   Tempkin isotherm plot

Fig. 14   Dubinin Radushkevich plot

Table 4   Comparison of 
the coefficients isotherm 
parameters for eosin B 
adsorption onto the MIL-100 s 
adsorbents

Isotherms Equations Constants Adsorbents

MIL-100 TH-MIL-100 ED-MIL-100

LANGMUIR Ce/qe = 1/KaQe + Ce/Qe Qe (mg/g) 15.20 53.48 7.23
Ka (L mg−1) 0.74 0.67 0.80
RL 0.05 0.06 0.06
R2 0.9676 0.9537 0.9150

FREUNDLICH ln qe = ln Kf + (1/n) ln Ce Kf 8.23 18.60 4.36
n 5.22 1.93 6.64
1/n 0.19 0.52 0.15
R2 0.8334 0.7595 0.2293
B1 (mg/g) 2.26 13.81 1.10

TEMPKIN qe = Bl ln KT + B1 ln Ce KT 31.81 4.99 134.08
R2 0.7714 0.7572 0.1784

DUBININ-RADUSHKEVIC ln qe = ln Qs – Bε2 Qs 13.78 46.64 7.02
E (KJ/mol) 408.25 235.70 500
B − 3.0 × 10–6 − 9.0 × 10–6 − 1 × 10–6

R2 0.7237 0.9451 0.4459
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The 1/n value of 0.15–0.52 obtained indicates the 
favorable adsorption and high tendency of eosin B dye 
for adsorption onto the unfunctionalized and function-
alized MIL-100(Fe) adsorbents, while lower R2 values 
(0.2293–0.8334) for the adsorbents indicates that the Fre-
undlich model less fits the experimental data [35, 37].

The heat of the adsorption and the adsorbent–adsorb-
ate interaction was evaluated using Tempkin isotherm 
model. In this model, Bl is the Tempkin constant related to 
heat of the adsorption (J/mol), T is the absolute tempera-
ture (K), R is the universal gas constant (8.314 J/mol/K) and 
KT is the equilibrium binding constant (L/mg). The values 
of the Tempkin constants (1.10–2.26) and the correlation 
coefficient (0.1784–0.7714) are lower than the Freundlich 
and Langmuir values, indicating that the Tempkin iso-
therm is a lesser fit for the experimental data than both 
Langmuir and Freundlich isotherms.

The Dubinin Radushkevich model was applied to esti-
mate the porosity apparent free energy and the charac-
teristic of adsorption. In this model, K (mol2/(kJ2)) is a con-
stant related to the adsorption energy, Qs (mg/g) is the 
theoretical saturation capacity, and e is the Polanyi poten-
tial. The slope of the plot of ln qe versus ε2 gives K and the 
intercept gives the Qs value. The D–R equation was seen to 
represent a poor fit for the experimental data for MIL-100 
and ED-MIL-100 but suitable for TH-MIL-100.

The correlation coefficient of the Langmuir isotherm 
was observed to be higher than that of the other iso-
therms, which suggests that the adsorption process 
of eosin B dye onto the three adsorbents can better be 

(5)qe = BIlnKT + BIlnCe

(6)lnqe = lnQs − B
�
2

described with the Langmuir model and the adsorption is 
a monolayer adsorption in addition to Dubinin Radushk-
evich model which fits in for TH-MIL-100 [40–42].

3.6.8 � Adsorption kinetic

The pseudo-first- and second-order kinetics, Elovich and 
intraparticle diffusion models were used to study the rate 
and mechanism of adsorption process, and the results are 
presented in Table 5 with the equations for the models. 
The pseudo-first-order model (Lagergren model) was 
obtained by a plot of the values of log (qe–qt) versus time, 
and values of k1 and qe were determined from the slope 
and intercept of the graph respectively (Fig. 15). The differ-
ence between the intercept and the experimental qe value 
indicates that this model does not explain the experimen-
tal data and rate of adsorption does not follow this equa-
tion [42, 43]. The validity of the model was further checked 
by the correlation coefficient (R2). The low R2 values again 

Table 5   Kinetic parameters of eosin B adsorption onto MIL-100 s

Models Equations Parameters Adsorbents

MIL-100 TH-MIL-100 ED-MIL-100

First-order kinetic model ln(qe − qt) = In(qe) − K1t K1 0.0054 0.045 0.0018
qe (cal) 2.98 4.40 1.98
R2 0.2610 0.212 0.2881

Second-order kinetic model t/qt = 1/k2qe
2 + (1/qe)t qe (cal) 15.77 49.50 9.50

R2 0.9953 0.9986 0.9995
K2 0.011 0.017 0.076

Intraparticle diffusion qt = Kidiff t1/2 + C C 10.84 43.406 8.5045
Kdiff 0.3712 0.5389 0.079
R2 0.469 0.4161 0.4215

Elovich qt = 1/β ln(αβ) + 1/β ln(t) Β 0.1604 0.3659 2.5107
R2 0.5913 0.5428 0.5399

Experimental Adsorption Capacity (qe) 16.35 47.96 8.95

Fig. 15   Pseudo- first order adsorption kinetics



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2021) 3:136 | https://doi.org/10.1007/s42452-021-04163-w

showed that the pseudo-first-order model does not fit well 
with the experimental data.

The plot of t/qt versus t for the pseudo-second-order 
kinetic model gave a straight line with a high correlation 
coefficient (R2) (Fig. 16). The k2 and equilibrium adsorp-
tion capacity (qe) were calculated from the intercept and 
slope of this line, respectively. The high values of R2 (0.99) 
and closeness of experimental and theoretical adsorption 
capacity (qe) value show the applicability of the pseudo-
second-order model to explain and interpret the experi-
mental data [42, 43]. The intra-particle diffusion model is 
shown in Fig. 17.

The intraparticle diffusion model based on diffusive 
mass transfer that adsorption rate can be expressed 
in terms of the square root of time (t) [44–48] was also 
applied. The values of Kdiff [the intraparticle diffusion rate 
constant (mg/g/min1/2)] and C (thickness of the boundary 
layer) were calculated from the slope and intercept of the 
plot of qt versus t1/2 respectively (Fig. 17) and the results 
are presented in Table 5.

The Elovich equation is another rate equation based on 
the adsorption capacity in linear form, which has been suc-
cessfully applied for the adsorption of solutes from a liquid 
solution [44, 45]. The plot of qt versus ln (t) gives a linear 
relationship (Fig. 18) with a slope of (1/b) and an intercept 
of (1/b)ln(ab). The Elovich constants obtained from the 
slope and the intercept of the straight line are reported in 
Table 5. The correlation coefficients (R2) were observed to 
be low showing that this model is unsuitable for complete 
evaluation of the adsorption process [44].

From the results in Table 5, it is obvious that the adsorp-
tion of the dye followed the pseudo-second-order kinet-
ics. The theoretical values obtained were close to experi-
mental values with correlation coefficients > 0.99, which 
fitted better than the other kinetic models for the entire 
adsorption process. Therefore, it can be concluded that 

pseudo-second-order equation is better in describing the 
adsorption kinetics of eosin B on MIL-100 adsorbents and 
therefore the rate of reaction appeared to be controlled by 
the chemical interaction [47–52].

3.6.9 � Adsorption Mechanism

The surface area of the three adsorbents are in order of 
MIL-100 >  > ED-MIL-100 > TH-MIL-100 but the adsorption 
capacities were in order of TH-MIL-100 > MIL-100 > ED-
MIL-100. Contrary to the rule, the materials with large 
surface are expected to have excellent adsorption, but it 
is interesting to note that TH-MIL-100 with lowest surface 
area has highest adsorption, this indicates that porosity/
surface area is not the only factor determines adsorp-
tion capacity. It can be observed that functionalization 
of MIL-100 with thioglycolic acid and ethylenediamine 
generates acidic SO3H and basic NH2. The only possible 

Fig. 16   Pseudo-second order adsorption kinetics

Fig. 17   Intra particle diffusion kinetics

Fig. 18   Elovich kinetics
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mechanism that can explain the highest adsorption 
capacity of TH-MIL-100 for Eosin-B is therefore electro-
static interaction between the positive charged surface 
of TH-MIL-100 via incorporation of thioglycolic acid and 
anionic dye(negatively charged). The acidic TH-MIL-100 
may result to acid–base interaction during the adsorp-
tion of the eosin-B dye because of the acidity of the 
adsorbent and the COO− of the eosin-B.

However for ED-MIL-100 with NH2 group has the 
lowest adsorption, because of electrostatic repul-
sion between the basic group (negatively charged) 
of the ED-MIL-100 and the anionic dye (eosin –B). 
Similar findings were also reported previous [53–56]. 
Thus the adsorption capacity follows the order 
TH-MIL-100 > MIL-100 > ED-MIL-100.

3.6.9.1  Comparison of  adsorption capacity  The adsorp-
tion of capacity of the materials prepared were compared 
with that obtained by other researchers for the removal 
of eosin B dye from the environment and presented in 
Table 6. It was observed that the prepared materials com-
pared favourably well with other materials prepared in 
similar researches.

3.6.9.2  Reusability experiments  The reusability of the 
MIL-100(Fe) and the functionalized MIL-100(Fe) materials 
for the removal of eosin B dye from aqueous medium was 
investigated for each compound. The optimum condi-
tions of 25 mg/L for MIL-100 and TH-MIL-100; and 20 mg/L 
for ED-MIL-100, equilibrium time of 60 min, and optimum 
pH of 13 for TH-MIL-100 and MIL-100; and at pH of 2 for 
ED-MIL-100 materials, and adsorbent doses of 0.03 g for 
MIL-100 and TH-MIL-100; and 0.02 g for ED-MIL-100 were 
employed for the reusability experiments. The percentage 
removal was calculated using the calibration curve and 
absorbance value obtained. The results indicated that the 
materials can be reused as adsorbents for the removal of 
eosin B dye from aqueous medium for more than three 
runs with decreasing value of removal efficiency for each 
run (Fig. 19).

4 � Conclusion

The low-cost metal–organic frameworks (MIL-100(Fe) 
were prepared using simple synthesis route. The synthe-
sized MOFs were used as adsorbents for the removal of 
eosin B dye from aqueous solution. The results showed 
that the synthesized MOFs have high adsorption capac-
ity for eosin B dye. The adsorption process was fast and 
reached equilibrium within 90 min. The TH-MIL-100 was 
found to be the most effective in the removal of eosin 
B, due to the presence of the thio- group on the TH-
MIL-100 material as observed in the results of the BET 
analysis carried out. The acid–base interaction between 
the adsorbent and the adsorbate due to the presence 
of thioglycolic acid molecules which made the MOF 
acidic is also suggested as improving the removal effi-
ciency. Langmuir isotherm gave a better fit to adsorp-
tion isotherms. The kinetic study of eosin B onto MIL-
100 s adsorbents indicated that the adsorption kinetics 
followed the pseudo-second-order rate. Optimum 
conditions obtained for maximum adsorption of eosin 
B dye on the adsorbents were observed to be at dye 
concentrations of 25 mg/L for MIL-100 and TH-MIL-100, 
and 20 mg/L for ED-MIL-100. The equilibrium time for 
maximum adsorption was observed to be 60 min, while 
optimum pH was observed to be 13 for TH-MIL-100 and 
MIL-100, and at pH of 2 for ED-MIL-100. Increase in tem-
perature was observed to have no appreciable effect on 
the adsorption process, while the maximum adsorption 
capacity was observed for adsorbent doses of 0.03 g for 
MIL-100 and TH-MIL-100, and at 0.02 g for ED-MIL-100. 
The results of this study suggest that low cost MOFs 
obtained using simple approach like ours could be uti-
lized as effective adsorbents for the adsorption of dyes 
from wastewater.

Table 6   Comparison of adsorption capacities obtained for the 
removal of eosin B dye

Researcher Qe (mg/g)

This work 53.28
Mehmood et al. [54] 16.28
Kant [55] 48.8
Kanwal et al. [56] 7.96

First run (% removal)    Second run (% removal)    Third run (% removal)
0

20

40

60

80

 TH-MIL-100
 MIL-100(Fe)
 ED-MIL-100

Fig. 19   Reusability experiments
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