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confirmed by using scanning microscopy, X-ray dif-
fraction and infrared spectroscopy. These materials 
were employed in removal of heavy metals  (Hg2+, 
 Cr3+,  Cu2+) and the adsorption agreed with the order 
of FP < MIL@FP < TH@FP < MIL@TH@FP. The 
metal adsorption was fitted to the pseudo second 
order kinetics and Langmuir isotherm. After grafting 
with thiophene-2-carboxylic acid and MIL-125-NH2, 
the metal adsorption onto FP was enhanced by a fac-
tor of 3.1–3.4. The maximum capacities of adsorp-
tion for  Hg+2,  Cr+3and  Cu+ 2 onto MIL@TH@FP 
composite were 182.8, 109.7 and 134.1 mg/g, respec-
tively. After reusing for five cycles, the metal adsorp-
tion capacity of MIL@TH@FP composite was only 
lowered by 12.8–22.8%, which reflected its stability 
and recyclability.

Keywords Cellulosic filter paper · MIL-125-NH2 · 
Hg+2 · Heavy metals, water treatment · Recoverability

Introduction

A significant environmental hazard is heavy metals in 
water. Heavy metals as industrial wastes, agricultural 
wastes or from other human activities could be elimi-
nated to the water body to cause risky environment 
and human health problems. Releasing of toxic chem-
icals from the wastewater of industries decreases the 
water quality to be dangerous to the human beings 
and other living organisms. Lead (Pb), chromium 

Abstract Releasing of heavy metals within the 
wastewater of industries decreases the water quality 
and is dangerous for the human beings and other liv-
ing organisms. In the current report, composite from 
metal organic framework (MIL-125-NH2) and cel-
lulosic filter paper (FP) was designed and applied 
in removal of heavy metals from water. The FP was 
firstly functionalized with thiophene-2-carboxylic 
acid giving TH@FP and subsequently grafted with 
MIL-125-NH2 to obtain MIL@TH@FP composite. 
The all-synthesized materials were characterized and 
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(Cr), arsenic (As), cadmium (Cd), copper (Cu), nickel 
(Ni) and mercury (Hg), as heavy metals are com-
monly discharged within industrial wastewater. The 
toxic effect of heavy metals results in obstructive 
lung diseases, reducing the plant growth, causing can-
cer, organ damaging, nervous system damaging, and 
eventual death in some of extreme cases (Ahluwalia 
and Goyal 2007; Aksu 2005; Madadrang et al. 2012; 
Tesfaye 2016; WHO 2011). The heavy metals are 
categorized as risky pollutants owing to their severe 
toxic impacts. The existence of these hazardous 
heavy metals, even at low doses, affects the human 
and other living organisms’ health (Bakhtiari and 
Azizian 2015; Cui et al. 2015). The progression of the 
industrial sector is the main cause of elimination of 
heavy metals in water, air, and soil, especially in the 
developing countries (Ahluwalia and Goyal 2007). 
Most of the industries such as, leather, tanneries, tex-
tile, metal, mining electroplating, batteries, chemical 
and petrochemical, ceramic, cement, paper, fertilizer 
and pesticides, act in eliminating their wastewater 
that contains different hazard heavy metals without 
any preliminary treatment into the surrounding envi-
ronment. Hazard heavy metals such as cadmium, 
lead, and chromium could not be broken down in 
the surrounding environment, to be bioaccumulated 
in the kidneys and livers of invertebrates and verte-
brates. Such risky heavy metals could cause carcino-
genic effects for the bladder, kidney, brain, rectum, 
and colon. The maximum permitted values for cad-
mium, lead, and chromium in water is 0.003 mg/L, 
0.01 mg/L, and 0.05 mg/L, respectively (WHO 2011). 
Mercury, as one of the heavy metals, is naturally 
occurring in the earth’s crust, is also ascribed as one 
of the toxic environmental pollutants (Shahid et  al. 
2020). Mercury commonly existed in three different 
phases; inorganic mercury, organic mercury com-
plexes and elemental (liquid) mercury. Inorganic mer-
cury is existed in two oxidation states: mercury(I) and 
mercury(II). Three phases of mercury are reported to 
cause serious health problems to human beings (Park 
and Zheng 2012; Rice et  al. 2014). Different inor-
ganic mercury containing materials are known to be 
soluble in water, resulting in their persistence as one 
of the risky environmental pollutants in aquatic sys-
tems (Oehmen et al. 2014). Despite of the natural an 
abundance of mercury containing compounds in the 
environment, the phase and the concentration of mer-
cury which released via the anthropogenic resources, 

like, the industrial activities, petrochemical produc-
tion, and mining, are more toxic and causing a major 
environmental deterioration (Oehmen et  al. 2014; 
Shahid et al. 2020). The combustion of hydrocarbons 
that releasing mercury into the atmosphere, whereas, 
wastewater from petrochemical facilities could dis-
charge mercury into the hydrosphere.

Nowadays, the development of industrialization 
for any country is ascribed as a basic building block 
for the economy, but it has hazardous effect on the 
surrounding environment via the release of heavy 
metal ions (Sharma and Bhattacharya 2017) and 
other pollutants in the wastewater (Hoseinzadeh et al. 
2021; Mahmoodi et al. 2014; Mahmoodi and Saffar-
Dastgerdi 2019). Proper management of wastewater 
must be preceded by various wastewater manage-
ment policies in order to inhibit harmful effects on the 
surrounding environment and on the human beings. 
Different treatment techniques like precipitation, ion 
exchange, membrane filtration, reversible osmosis, 
ultra-filtration, coagulation-flocculation, and flotation 
were widely applied for removing the heavy metals 
from the wastewater. However, these techniques are 
ascribed as highly cost and time-consuming proce-
dures (Qasem et  al. 2021). However, the adsorption 
or treatment strategies-based on the exploitation of 
an efficient sorbent were described as promising and 
effective techniques for water treatment for remov-
ing heavy metals (Rajasulochana and Preethy 2016). 
It was reported that zeolites and biomass-derivatized 
adsorbents like tea and coffee waste, saw dust, orange 
peel, peanut shells, papaya seed, rice husk, dry tree 
leaves and barks, coconut leaf and powder egg shell, 
and commercial activated carbon, were applied as 
adsorbents for removing the heavy metals from dif-
ferent wastewater systems (Hussain and Sheriff 2014; 
Jayaweera et al. 2018; Nguyen et al. 2013). However, 
most of the referred adsorbing reagents are limitedly 
applicable owing to their low stability, consuming 
longer reaction duration, higher calcinations tempera-
ture, not recyclable, and with relatively low surface 
area and porosity…etc… Moreover, the currently 
applicable systems for mercury removal in the mar-
ket could be expressed to be very expensive and pro-
ceed via the utilization of non-reproducible metallic-
based products. Subsequently, there is a requirement 
in the petrochemical industries for adsorbing reagents 
to remove mercury that could act better and with 
more cost effectiveness than the currently applicable 
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metallic-based adsorbing reagents (Liang et al. 2016; 
Liu et  al. 2014; Mon et  al. 2016, 2019; Yee et  al. 
2013). In recent years, metal–organic frameworks 
(MOFs), as porous/tailorable materials, with supe-
rior physical and chemical properties, inherent large 
surface areas, and tunable cavities, are exhibited with 
broad and comprehensive applicability than zeolite 
and the activated carbon (Dehghankar et al. 2021).

Removal of heavy metals from wastewater was 
performed in the current work using composite from 
MIL-125-NH2as Ti containing metal organic frame-
work (MOF) and cellulosic filter paper (FP). The FP 
was preliminary grafted with thiophene-2-carboxylic 
acid, and subsequently MIL-125-NH2 was uploaded 
onto the modified FP to prepare MIL@TH@FP com-
posite. The as-prepared composite was characterized 
by scanning electron microscope, energy dispersive 
X-ray, X-ray diffraction and FTIR. The formed mate-
rials were applied in removal of heavy metals  (Hg2+, 
 Cr3+,  Cu2+) from water. Kinetics and isotherm as key 
parameters were also studied. Recycling process of 
the applied materials was eventually studied.

Experimental part

Chemicals and materials

Thiophene-2-carboxylic acid (99%, Sigma-
Aldrich), magnesium sulphate  (MgSO4, anhy-
drous ≥ 99.5%, Sigma-Aldrich), tetrahydrofuran 
(THF, ≥ 99.9%, Sigma-Aldrich), sulfuric acid 
(98%, El Naser pharmaceutical chemicals co.), tita-
nium iso-propoxide (97%, Sigma-Aldrich), 2-ami-
noterephthalic acid (99%, Sigma-Aldrich), N,N-
dimethyl formamide (99.9%, Sigma-Aldrich), 
ethanol (99.9%, Sigma-Aldrich),ammonium hydrox-
ide (99.9%, Sigma-Aldrich),mercury (II) chloride 
 (HgCl2, Sigma-Aldrich), chromium(III) chloride 
 (CrCl3·6H2O, Sigma-Aldrich) and copper(II) nitrate 
(Cu(NO3)2·9H2O, Sigma-Aldrich) were all applied 
without further purification. Cellulosic filter paper 
(FP, thickness of 160  μm) was supported from the 
commercial suppliers.

Grafting of thiophene-2-carboxylic acid on FP

THF (250.0 mL) was added to chemical reactor. To 
this reactor, 250 µL of sulfuric acid (as catalyst), 

50.0  g (0.4  mol) of thiophene-2-carboxylic acid, 
10.0  g of FP and 5.0  g (0.04  mol) of  MgSO4 were 
added. The homogenized mixture was allowed to 
react at 60  °C for 72  h. The solid product obtained 
was separated then cleaned with distilled water and 
ethanol to separate the unreacted thiophene-2-car-
boxylic acid and sulfuric acid. Washing process was 
continued until a neutral wash-out was obtained. Pure 
TH@FP was dried at 65  °C in a vacuum oven and 
stored in tight container until being used.

Grafting of MIL-125-NH2 on FP and TH@FP

MIL-125-NH2 was freshly prepared by using the 
method reported in literature (Abdelhameed et  al. 
2020). Afterwards, the prepared MIL-125-NH2 
was included within FP and thiophene modified FP 
(TH@FP) by self-assembly technique. 10 g of FP (or 
TH@FP) was individually reacted with 1 g of MIL-
125-NH2 powder in 100 mL DMF. The reactants 
were heated up to 50  °C for 30  min. The products 
(MIL@FP&MIL@TH@FP) were removed, washed 
with ethanol and then dried at room temperature prior 
to analysis and application.

The grafting percentage and grafting efficiency 
were determined as (Tyagi et al. 2009):

where Wb and Wa are weight of the FP before and 
after the grafting process, respectively, and Wm is the 
weight of MILs.

Instrumental characterization

The topographical features of the untreated FP and 
the modified FP were investigated via Scanning Elec-
tron Microscope (SEM, Hitachi SU-70) running at 
25  kV as accelerating voltage in room temperature. 
The elemental analyses of the prepared samples were 
also performed via the field emission gun energy dis-
persive X-ray spectrometer (EDX) analyzer equipped 
with the same microscopy. CSNH contents in FP and 
modified FP were determined on a LECO CHNS-
932 element analyser. X-ray diffraction analysis 

%Grafting (%G) =
Wa −Wb

Wb

× 100

%Grafting efficiency (%GE) =
Wa −Wb

(Wa −Wb) +Wm

× 100
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was performed for untreated FP and modified FP at 
room temperature. Samples were subjected to XRD, 
Philips X’Pert MPD diffractometer (Cu Kα X-radia-
tion at 40 kV, 50 mA and λ = 1.5406 Å). Data of dif-
fraction were estimated in range of 2θ = 3.5 to 50°. 
Infrared spectral results of untreated FP and modi-
fied FP before and after adsorption of heavy metals, 
were estimated via attenuated total Reflection-Fourier 
transform infrared spectroscopy (ATR-FTIR, Matt-
son 5000 FTIR spectrometer). FTIR instrument was 
operated with a detector of deuterated triglycine sul-
fate and accessory attenuated total reflectance (ATR 
unit with Golden Gate diamond crystal). The absorp-
tion spectra were estimated at wavenumber ranged in 
500–4000  cm–1.

Heavy metal ions adsorption

Certain amount of metal salts  (HgCl2,  CrCl3, 
Cu(NO3)2) were dissolved in the deionized water to 
prepare  Hg2+,  Cr3+,  Cu2+ ions solution (100 ppm). To 
10.0 mL of this solution, 0.01 g of FP and modified 
FP (TH@FP, MIL@FP and MIL@TH@FP) were 
separately added at normal temperature (30  °C) and 
neutral pH (6.8). After intervals of 30 min, solution 
was withdrawn from the test sample to determine 
the concentration of the non-adsorbed  Hg2+,  Cr3+, 
and  Cu2+ ions. All experiments were performed in 
sets of three each to establish the reproducibility of 
the results. Influence of initial metal ion concentra-
tion (1–200 ppm) on the capacity of adsorption was 
studied at 30  min. To study the maximum removal 
capacity of heavy metal onto FP and modified FP, the 
same sample was repeatedly used 150 ppm of metal 
ion solution at the optimized conditions of time, tem-
perature and pH. The reusability studies were also 
carried out by stripping-off the adsorbed metal ions 
with HCl to regenerate the used MOF@TH@FP each 
time before reusing. MOF@TH@FP was regenerated 
by immersed in 0.1 N HCl using 1:25 of material to 
liquor ratio for one hour under continuous stirring.

Statistical analyses

Adsorption data estimated in the current approach 
was an average of three independent measurements. 
Kinetics of adsorption, correlation coefficient  (R2) 
and standard deviations were all estimated via 2016 
Microsoft Excel. All of the represented figures were 

drawn by applying origin 8 program and the error 
bars were presented within all figures.

Results and discussion

MIL@TH@FP

Before adding of MIL-125-NH2 MOF, the cellulosic 
FP was firstly grafted with thiophene-2-carboxylic 
acid to prepare TH@FP. As suggested in Fig.  1, 
esterification reaction was carried out between cel-
lulosic FP and thiophene-2-carboxylic acid. In the 
presence of sulfuric acid as dehydrating agent and 
 MgSO4 as catalyst, thiophene-2-carboxylic was 
bonded with cellulose forming TH@FP as ester and 
water molecule was produced. Afterwards, the syn-
thesized TH@FP was interacted with MIL-125-NH2 
through ester groups. TH@FP can act as another 
ligand capable of forming coordination bonding with 
Ti of in MIL-125-NH2. Hence, during self-assembly 
of MIL-125-NH2within FP matrix, Ti might form a 
bond with 2-aminoterphethalic acid from one side 
and with TH@FP from the other side (Abdelhameed 
et al. 2017, 2018; Emam and Abdelhameed 2017a, b). 
The estimated elemental content from the elemental 
analysis was summarized in Table S1. The sulfur con-
tent in TH@FP was 4.79% confirmed that the graft-
ing efficiency of TH onto FP was 32% achieving sub-
stitution degree of ≈ 1. While the estimated grafting 
efficiency of MIL-125-NH2 onto FP and TH@FP was 
12% and 22%, respectively. The practical image for 
FP, TH@FP, and MIL@TH@FP were shown in Fig. 
S1.

SEM

The topographical features of the FP surface before 
and after grafting with thiophene-2-carboxylic acid, 
also before and after uploading with MIL-125-NH2, 
were examined by electron microscopy (SEM) and 
EDX (Fig. 2a–d). The plotted electronic images and 
EDX analysis affirmed that grafting of cellulose FP 
with thiophene-2-carboxylic acid. Particles of thio-
phene-2-carboxylic acid were seen over the clean 
surface of FP. The signal of sulfur was recorded at 
2.2  eV. Incorporation of MIL-125-NH2 within FP/
grafted FP was affirmed (Fig. S2). Crystalline/cracks 
like structure MIL-125-NH2 was observed to be 
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successively uploaded on the surface of the grafted 
FP in case of MIL@TH@FP (Fig. 2d), while smaller 
sized with lower masses were shown on the surface 
of FP in case of MIL@FP (Fig. 2c). Signal of Ti ele-
ment at 4.3 eV was detected in EDX spectra for both 
of MIL@FP and MIL@TH@FP. The microscopic 

observations approved the effect of grafting with 
thiophene for enhancing the affinity of cellulosic FP 
in MOF incorporation with higher amounts, which is 
related to the contribution of the accessible functional 
groups for thiophene in successive immobilization 
of MOF. The data of MOF/Ti contents were further 
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Fig. 2  Scanning electron microscopic images and EDX analysis for the synthesized materials; a  FP, b  TH@FP, c  MIL@FP and 
d MIL@TH@FP
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affirmed this hypothesis, where, TH@FP showed 
much higher materials content compared to FP.

XRD

Further confirmation for the successive assembly 
of MIL-125-NH2 within FP/grafted FP matrix was 
obtained via X-ray diffraction analysis (Fig. S3). For 
MOF powder, several diffraction peaks were esti-
mated at 2θ = 6.8°, 9.7°, 11.6°, 15.3°, 16.7°,17.9°, 
19.4° and 22.5°, which were characterized for the 
crystalline MIL-125-NH2 (Abdelhameed et al. 2020; 
Emam and Abdelhameed 2017a). FP exhibited the 
characteristic signals corresponding to the crystal-
line structure of cellulose I (Emam et  al. 2017a, b, 
c) at 2θ = 15.2°, 16.7° and 23.1°. After grafting with 
thiophene, the diffraction of FP was not changed, 
meaning that, the crystalline structure of cellulose 
was not affected. In case of MIL@FP and MIL@
TH@FP composite, most of diffraction peaks for 
MIL-125-NH2 were clearly observed, besides the dif-
fraction peaks of FP, which affirmed the successive 
immobilization of MIL-125-NH2 MOF within the FP 
and modified FP.

FTIR

The chemical composition of the FP before/after 
grafting with thiophene-2-carboxylic acid and before/
after immobilization of MIL-125-NH2 was investi-
gated by FTIR spectroscopic analysis as represented 
in Fig. S4. The characteristic absorption bands of FP 
for stretching vibration of OH, asymmetric stretch-
ing vibration of CH aliphatic, stretching vibra-
tion of C=O, and scissoring vibration of  CH2, were 
obviously detected at 3321–3261, 2874, 1606 and 
1304–1375  cm− 1, respectively (Abdelhameed et  al. 
2016; Ahmed and Emam 2016; Emam and Bech-
told 2015; Emam et al. 2015, 2016). For TH@FP, in 
addition to the as-mentioned characteristic bands of 
FP, the specialized absorption bands of thiophene 
were also represented, whereas, an absorption peak 
at 1567  cm−1 that is characteristic of carbon–carbon 
double bond (C=C) presented in the aromatic ring of 
thiophene, in addition to the absorption peak at 1445 
 cm−1, corresponding to ring vibrations resulted from 
the symmetric stretching of the carbon–carbon dou-
ble bonds in the thiophene moieties. Also, indicative 
peaks for carbon–sulfur double bond (C=S) stretching 

at 1012–1103  cm− 1, sulfur-containing functional 
groups including carbon–sulfur bond stretching were 
estimated at 737  cm− 1 and C=O (carboxylate) at 
1602  cm−1 (Annenkova et al. 1984; Fila et al. 2018; 
Luo et al. 2012). After grafting with MOF, the char-
acteristic absorption peaks of MIL-125-NH2 were 
clearly appeared beside the peaks of FP/TH@FP. For 
MIL@FP, the absorption peaks of amide I, II and III 
were detected at 1639, 1531 and 1246  cm−1, respec-
tively (Emam and Abdelhameed 2017a; Emam et al. 
2020). Additionally, the vibration of Ti–O bond was 
recorded at 764  cm−1 and the absorption band of NH 
stretching vibration was overlapped with that of OH. 
In case of MIL@TH@FP, the absorption bands of 
MIL-125-NH2 and thiophene were appeared beside 
the absorption peaks of FP, approving the succes-
sive assembly of MOF and thiophene within the FP. 
As a conclusion, the MIL-125-NH2 is assumed to be 
coordinatively bonded with TH@FP via its function 
groups; hydroxyl and carbonyl groups.

Removal of heavy metals

Chromium (Cr), copper (Cu) and mercury (Hg) as 
heavy metals are commonly existed within the waste-
water discharged from different industries. The toxic 
impact of heavy metals results in reduction of the 
growth and reproduction of plant, obstructive lung 
disease, carcinogenic effects, organ damaging, nerv-
ous system damaging, and eventually with high doses 
it could lead to death (Ahluwalia and Goyal 2007; 
Aksu 2005; Madadrang et al. 2012). Moreover, chro-
mium ion does not break down in the environment, 
to be bio-accumulated within the kidneys and livers 
of invertebrates and vertebrates, whereas, the exist-
ence of mercury in water could cause serious health 
problems to human beings affecting the lungs, nerv-
ous system, and kidneys (Park and Zheng 2012; Rice 
et  al. 2014). In recent years, there were research-
ing reports of immobilizing sulfur based-accessible 
groups MOFs, as an approach for enhancing their 
adsorption action via Hg–S  interaction (Liang et  al. 
2016; Liu et  al. 2014; Mon et  al. 2016, 2019; Yee 
et al. 2013). Post-synthetic modification reaction via 
thiol–ene, ‘‘click” reactions is ascribed as a method 
for anchoring thiol-functional groups within the cavi-
ties of the porous material (Ke et  al. 2011; Li et  al. 
2019; Luo et  al. 2015; Wang et  al. 2019) that were 
effective materials exhibited with high mercury 
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removal capacity (Yin et  al. 2018). However, such 
materials produced via thiol, ene reactions are limit-
edly applied attributed to the harsh synthetic condi-
tions and the expensiveness of the reagents. In the 
presented approach, the accessibility of MIL@TH@
FP composite as solid supporting template for waste-
water treatment is currently approved via removal 
of heavy metals of  Hg2+,  Cr3+,  Cu2+ ions that were 
selected as toxic pollutants in wastewater. FP and 
TH@FP as references were used for comparing their 
affinity by the prepared composite for heavy metals 
removal. Figure  3 showed the microscopic images 

for the prepared composite of MIL@TH@FP after 
its exploitation in removal of metal ions  (Hg2+, 
 Cr3+,  Cu2+) from wastewater. It could be obviously 
observed that, successive adsorption of the mentioned 
metal ions was shown on the surface of the exploited 
composite. Additionally, EDX data also showed the 
characteristic individual signals for  Hg2+,  Cr3+ and 
 Cu2+ at 2.2/9.9, 0.4/5.2 and 0.9/8.0 eV, respectively. 
Moreover, the adsorption of  Hg2+,  Cr3+,  Cu2+ ions 
from wastewater onto the prepared composite was 
further approved via the infrared spectral results as 
represented in Fig. 4. After adsorption of metal ions 

Fig. 3  Scanning electron microscopic images and EDX analysis for the synthesized composite after adsorption of metals; a  Hg+2@
MIL@TH@FP, b  Cr+3@MIL@TH@FP and c  Cu+2@MIL@TH@FP
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onto MIL@TH@FP composite, the absorption peaks 
of M–O (Hg–O, Cr–O, Cu–O) were overlapped with 
that of C–S and Ti–O bonds at 730–770  cm− 1.

Adsorption kinetics

Adsorption kinetics of heavy metals  (Hg2+,  Cr3+, 
 Cu2+) onto the currently prepared adsorbents; i.e., 
FP, TH@FP, MIL@FP and MIL@TH@FP were 
studied and the data were plotted in Fig. 5. From the 
plotted data, it could be declared that, whatever the 
applied adsorbent type and adsorbed metal ion, the 
adsorption capacity was gradually increased with 
prolongation of reaction duration and the adsorption 
rates were fast in the first 30  min, attributing to the 
availability of the possible active sites. Regardless 
to the type of the currently exploited adsorbing rea-
gent, the adsorption capacity for Hg was the highest 
because of the higher affinity of thiophene as sulfur 
containing moieties on the grafted FP towards  Hg+2 
rather than the other metals. The currently adsorption 
capacities were followed the order of MIL@TH@
FP > TH@FP > MIL@FP > FP. From the estimated 
data in Fig. 5, it could be depicted that, the adsorp-
tion capacities of  Hg+ 2 were gradually increased from 
41 to 51 mg/g for FP to 129 and 174 mg/g for MIL@
TH@FP after 30 and 120  min, respectively. While, 
the adsorption capacities for  Cr+3 and  Cu+2 were 
increased from 20 to 30 to 76 and 101 mg/g and from 
21 to 35 to 83 and 110  mg/g, respectively after 30 

and 120 min. After grafting with thiophene and MIL-
125-NH2, the adsorption capacities of metal ions onto 
FP were enhanced by factor of 3.1–3.4.

The non-liner fitting of pseudo-second ordered 
kinetics for the metal adsorption onto the applied 
materials was introduced in Fig.  5. The kinetic 
parameters (the constant rate of adsorption  K2, 
adsorption at equilibrium  Qe and relation coefficient 
 R2) were all estimated and tabulated in Table 1. The 
adsorption of metal ions  (Hg2+,  Cr3+,  Cu2+ ions) 
onto the applied materials (FP, TH@FP, MIL@
FP, MIL@TH@FP) were evaluated to be fitted well 
with pseudo-second order model, owing to linear-
ity  (R2 = 0.95–0.99) and close experimental  Qe val-
ues to the theoretical  Qe values. The rate constant 
 (K2) of  Hg2+ adsorption was observably decreased 
from 2.23 ×  10−3  L/mg min for FP to 0.40 ×  10−3  L/
mg min for MIL@TH@FP. However, the rate con-
stant  (K2) for  Cr3+ &  Cu2+ adsorption was diminished 
from 0.96 ×  10−3 to 1.24 ×  10−3  L/mg min for FP to 
0.59 and 0.83 ×  10− 3  L/mg min for MIL@TH@FP, 
respectively. These results clarified that the adsorp-
tion rate of heavy metals onto TH@FP was signifi-
cantly speeded up by grafting with MIL-125-NH2, 
whereas, MIL@TH@FP showed the fastest adsorp-
tion rate. For all the examined samples, the mercury 
ion adsorption rate was mainly higher than that for 
copper and chromium ions. Based on the principle of 
pseudo-second order reaction, the adsorption of such 
metal ions onto the applied adsorbents was performed 
via a pseudo-chemical interaction (Fig. S5). Subse-
quently, the adsorption amounts were depended on 
the number of the accessible sites, that were increased 
by MIL-125-NH2 impregnation and hence, further 
enhancement in the adsorption capacity could be real-
ized via the increment of the grafted amount of MIL-
125-NH2 MOF within fabrics.

Adsorption isotherm

Adsorption isotherm of metals onto the synthe-
sized materials was studied through plotting the 
adsorbed amounts  (Qe, mg/g) with the initial con-
centration of the studied metals (Fig.  6). Regardless 
to the adsorbed metals and adsorbent type; a plateau 
shaped figure was notified in all results. Adsorption 
amounts of metal ions were gradually increased until 
the saturation stage, to give plateau profile. The high-
est adsorption capability was observed for mercury 
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ions while the lowest adsorption capacity was seen 
for chromium ions. The linear relationship for iso-
therm fitting was presented in Fig.  6 (Langmuir) 
and supplementary file (Fig. S6, Freundlich) and the 
isotherm parameters were all calculated and tabu-
lated in Table  2. The best linearity  (R2 = 0.99) was 
achieved in case of Langmuir isotherm, to confirm 
that, the adsorption of such metal ions onto MIL@
TH@FP was well fitted to Langmuir model. For all 
metal adsorption, the Langmuir rate constant  (KL) 
was significantly increased after grafting of FP with 
thiophene and MIL-125-NH2. The values of  KL were 
raised from 178.97 ×  10− 3  to 821.32 ×  10−3 mg/L for 
 Hg+2, from 146.99 ×  10−3 to 259.17 ×  10−3  mg/L for 
 Cr+3 and from 106.02 ×  10−3  to 154.01 ×  10−3  mg/L 
for  Cu+2, in case of FP and MIL@TH@FP, respec-
tively. The calculated maximum capacities  (Qmax) for 
 Hg+2,  Cr+3and  Cu+2 were observably increased from 
57.3, 35.8 and 43.9 mg/g for FP to 182.8, 109.7 and 
134.1  mg/g for MIL@TH@FP, respectively. After 
grafting with thiophene and MIL-125-NH2, the maxi-
mum capacity of FP was improved with 3.2, 3.1 and 
3.1 times for  Hg+2,  Cr+3 and  Cu+2 respectively. The 
presented Langmuir isotherm for adsorption of metals 
is characterized by the formation of one adsorption 
layer onto the homogenous surface of the absorbent 
(Abdelhameed et  al. 2016; Bolster and Hornberger 
2007; Emam et  al. 2018). Whereas, during the 
adsorption reaction, the metal ions are assumed to 

be removed via the binding sites of MIL@TH@FP 
composite and within the intermolecular cavities. 
Therefore, the adsorption is limitedly affected by the 
affinity of the binding sites, whereas, every metal ion 
moiety is typically adsorbed on only one active site 
within the adsorbed layer (Abdelhameed et al. 2016, 
2017, 2018; Emam et al. 2018). It could be summa-
rized that, adsorption capacities of MIL@TH@FP 
against the studied metal ions were the highest com-
pared to FP, MIL@FP and TH@FP, while, its affin-
ity towards  Hg+2 was observed to be higher than  Cr+3 
and  Cu+2.

Recoverability of MIL@TH@FP composite

The recoverability of adsorbents to be reused for 
repeated cycles with sufficient adsorption capacity 
is an important sector to be wide scaled applied. Dif-
ferent reports were approved the high recyclability of 
adsorbents based on MOF. Hence, the recoverability 
of adsorbents (FP, TH@FP, MIL@FP and MIL@
TH@FP) was studied up to five cycles. The adsorbed 
metals were removed from the adsorbents by dis-
solving in acid and the recoverable adsorbents were 
applied in the second adsorption cycle. The recover-
ing/recycling process was repeated for five consecu-
tive cycles and adsorption results were presented in 
Fig. S7. Depending on the number of cycles, regard-
less to the type of the applied absorbent and metal 

Table 1  Kinetic parameters for metal adsoprtion onto the synthesized materials

Metal ions Samples Qeexp.
(mg/g)

Pseudo-first-order Pseudo-second-order

Qe
(mg/g)

K1
(×  103,  min− 1)

R2 Qe(mg/g) K2
(×  103, L/
mg min)

R2

Hg+2 FP 51.0 2.55 1.97 0.58 53.65 2.23 0.99
MIL@FP 2.53 4.93 0.74 105.15 0.55 0.95
TH@FP 2.51 5.73 0.71 116.82 0.53 0.95
MIL@TH@FP 174.0 2.44 17.80 0.87 194.55 0.40 0.98

Cr+3 FP 30.0 2.58 1.26 0.78 37.85 0.96 0.99
MIL@FP 2.56 2.67 0.78 71.89 0.53 0.99
TH@FP 2.53 3.50 0.80 104.60 0.43 0.99
MIL@TH@FP 101.0 2.50 5.02 0.72 113.25 0.59 0.99

Cu+2 FP 35.0 2.58 1.49 0.82 39.84 1.24 0.95
MIL@FP 2.55 3.06 0.80 73.26 0.80 0.97
TH@FP 2.52 5.18 0.83 108.11 0.62 0.97
MIL@TH@FP 110.0 2.49 5.85 0.75 117.92 0.83 0.99
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ions, for either MIL@TH@FP or any of the prepared 
materials, the adsorption capacities were gradually 
decreased as a function of recycling. In case of FP, 
after five repetitive cycles, the capacities of adsorp-
tion were lowered from 50 to 38 mg/g for  Hg+2, from 
30 to 18 mg/g for  Cr+3 and from 35 to 22 mg/g for 
 Cu+2. The adsorption capacity of  Hg+2,  Cr+2 and 
 Cu+2 was decreased from 175, 101 and 110  mg/g 
to 135 mg/g, 88 mg/g and 88 mg/g for MIL@TH@
FP composite, respectively, after reusing five cycles. 
Regardless to the metal ion, the adsorption capaci-
ties were reduced by 24.0–40.0 and 12.8–22.8% by 
using FP and MIL@TH@FP, respectively. Compar-
ing to the untreated FP, the synthesized MIL@TH@
FP composite showed lower decrement in adsorp-
tion capacities of metals after recycling. These data 
reflected the recyclability and stability of composites 
is higher compared to the untreated FP. In FP, the 
occupied active sites of FP (OH) with metal ions were 
not fully removed during recyclability. This approves 
the good durability of MIL@TH@FP composite 
against the recoverability process and consequently 
maximized the efficiency of heavy metal adsorption.

Tentative mechanism of heavy metals adsorption

The mechanism of heavy metals adsorption could 
be elucidated according to different studies that 
were reported in literature (Liu et al. 2021; Pei et al. 
2021; Zhao et al. 2019). Meanwhile, the adsorption 

of  Hg2+,  Cr3+ and  Cu2+ onto the applied adsor-
bents (FP, TH@FP, MIL@FP and MIL@TH@FP) 
was confirmed via SEM micrographs, FTIR spec-
tra, adsorption isotherm and kinetics studies. The 
adsorption mechanism could be assumed in agree-
ment with the adsorption results and chemical struc-
tures of reactants  (Hg2+,  Cr3+,  Cu2+, MIL-125-NH2, 
thiophene-2-carboxylic acid and cellulosic FP), as 
represented in Fig.  7. MIL@TH@FP composite 
contains many accessible sites represented in func-
tional groups of MIL-125-NH2 (Ti, OH and  NH2), 
cellulosic FP (OH) and thiophene-2-carboxylic 
acid (S and COOH), in addition to the porosity of 
MIL-125-NH2. Therefore, metal ions  (Hg2+,  Cr3+ 
and  Cu2+) could be chemically adsorbed onto the 
composite via coordinative bonding between the as-
mentioned functional groups of the exploited com-
posite and the metal ions (Emam et al. 2018). More-
over, the physical deposition of metal ions into the 
pores of MIL-125-NH2 and/or FP may be occurred 
with minor relevant (Abdelhameed et  al. 2016, 
2017; Emam et al. 2018). This suggestion supported 
by the obtained results of the highest adsorption 
capability of MIL@TH@FP composites and the 
lowest adsorption capacity of FP (Fig.  7). These 
results are explained by the higher and numerous 
functional groups inserted in FP by grafting with 
thiophene and MIL-125-NH2. Subsequently, the 
current results reflected the superiority of grafting 
onto FP for the significant removal of metals.

Table 2  Isotherm 
parameters for metal 
adsoprtion onto the 
synthesized materials

Metal ions Samples Freundlich isotherm Langmuir isotherm

n KF R2 Qm
(mg/g)

KL
(×  103, mg/L)

R2

Hg+2 FP 5.59 3.22 0.88 57.27 178.97 0.99
MIL@FP 4.83 3.71 0.86 102.35 198.26 0.99
TH@FP 6.27 4.00 0.82 110.37 290.39 0.99
MIL@TH@FP 7.01 4.64 0.75 182.81 821.32 0.99

Cr+3 FP 2.43 4.01 0.97 35.79 146.99 0.99
MIL@FP 3.09 4.15 0.87 63.86 211.39 0.99
TH@FP 3.53 4.12 0.81 96.90 260.80 0.99
MIL@TH@FP 3.62 3.96 0.72 109.65 259.17 0.99

Cu+2 FP 2.63 4.12 0.96 43.94 106.02 0.99
MIL@FP 3.21 4.12 0.89 75.64 113.53 0.99
TH@FP 3.47 4.01 0.85 117.10 134.98 0.99
MIL@TH@FP 3.65 3.13 0.83 134.05 154.01 0.99
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Conclusion

Removing of heavy metals from wastewater was car-
ried out in the current work using composite from 
MIL-125-NH2 and modified cellulosic FP. FP was 
preliminary functionalized with thiophene-2-car-
boxylic acid, and subsequently MIL-125-NH2 was 
grafted with the modified FP to prepare MIL@TH@
FP composite. The as-prepared materials TH@FP, 
MIL@FP and MIL@TH@FP composite were char-
acterized by SEM, EDX, XRD and FTIR. The all-
formed materials were applied in adsorption of heavy 
metal  (Hg2+,   Cr3+,  Cu2+) for wastewater treatment. 
The adsorption of metals was fitted to Langmuir and 
pseudo-second ordered model. The maximum capac-
ity of metal adsorption onto MIL@TH@FP com-
posite was 182.8, 109.7 and 134.1 for  Hg+2,  Cr+3and 
 Cu+2 mg/g, respectively. Compared to  Cr+3 and  Cu+2, 
the adsorbed amount of  Hg+2 was significantly high 
due to the higher affinity of thiophene towards  Hg+2. 
MIL@TH@FP composite showed good recyclabil-
ity and the metal adsorption capacity was diminished 
by 12.8–22.8% by five reusing cycles. Such prepared 
MIL@TH@FP as a recoverable composite could be 
highly applicable for purification of wastewater from 

heavy metals with high affinity against mercury ions 
and could be used for repeated cycles with substantial 
adsorption affinity.
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