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Abstract
A novel heavy metal ion adsorbent, UiO-66-NH2@cellulose nanofiber membrane, was successfully synthesized using cel-
lulose and polyvinyl alcohol as substrates and UiO-66-NH2 as the loading material. The adsorption performance of the 
composite membrane towards Cd(II) was investigated through adsorption experiments. The adsorption results showed that 
under the optimal adsorption conditions (temperature of 45 °C, adsorption time of 2 h, and Cd(II) solution pH of 0.89), the 
maximum adsorption capacity was 611.89 mg·g−1 with cellulose, UiO-66-NH2, and PVA added at 0.8 g, 0.15 g, and 1.2 g, 
respectively. Subsequently, the structure of the composite membrane was characterized using SEM, FT-IR, and XPS, and the 
adsorption mechanism was preliminarily explored by combining adsorption kinetics and isotherms. The results indicated the 
formation of a complex three-dimensional network structure during the crosslinking of cellulose and polyvinyl alcohol, with 
UiO-66-NH2 loaded on the surface and internal pores of the network structure. Furthermore, FT-IR and XPS spectra showed 
the formation of coordination bonds between the composite membrane and Cd(II) through -OH, -NH2, and Zr-O and the con-
firmation of a negative surface charge on the composite membrane through isoelectric point testing, indicating the significant 
role of electrostatic interactions in Cd(II) adsorption. Adsorption kinetics and isotherm results indicated that the adsorption 
process was primarily complex multilayer chemisorption. In summary, the adsorption of Cd(II) by UiO-66-NH2@cellulose 
nanofiber membrane involves coordination between metal ions and NO, as well as pore filling and electrostatic adsorption.
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1  Introduction

With the continuous development of industrialization, envi-
ronmental pollution issues have become increasingly promi-
nent, among which heavy metal pollution is one of the most 
serious environmental issues, with Cd(II) ranking at the 
forefront of heavy metal pollution. A large amount of Cd 

is discharged into the environment through exhaust gases, 
wastewater, and waste residues, causing serious pollution. 
Cd pollution manifests in two forms: gaseous and aqueous. 
Gaseous pollution mainly originates from industrial exhaust 
gases, with cadmium spreading with the gases to the sur-
roundings of factories and naturally settling, accumulating 
in the surrounding soil. Aqueous pollution is mainly caused 
by the discharge of wastewater from lead–zinc ore dressing 
and related industries (such as electroplating and alkaline 
batteries) into surface water or seeping into groundwater. 
With the accumulation of Cd in soil and water bodies, cad-
mium accumulates in organisms, entering the human body 
through the food chain, directly affecting human life [1]. 
When Cd enters the human body through the respiratory 
and digestive tracts, it forms cadmium-metallothionein com-
plexes in the body, circulating throughout the body via the 
bloodstream and selectively accumulating in the kidneys and 
liver. Additionally, there is a certain accumulation in the 
spleen, pancreas, thyroid, testes, and hair. When the inter-
nal content is excessive, it can lead to bone disorders, liver 

Hao He and Xiao-Kai Liu contributed equally to this work.

 *	 Li Wang 
	 wlndcl@126.com

1	 School of Materials Science and Art and Design, Inner 
Mongolia Agricultural University, Hohhot 010018, China

2	 Laboratory of Fibrosis and Energy Utilization of Shrubby 
Resources in Inner Mongolia Autonomous Region, Hohhot, 
China

3	 National Forestry Grassland Engineering Technology 
Research Center for Efficient Development and Utilization 
of Sandy Shrubs, Hohhot, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-024-05859-w&domain=pdf


	 Biomass Conversion and Biorefinery

damage, cardiovascular diseases, and sexual dysfunction 
and disrupt the mineral balance in the body [2]. Therefore, 
the environmental pollution problem caused by Cd urgently 
needs to be addressed.

At present, the methods of removing heavy metal ion pol-
lutants mainly include precipitation method, electrochemical 
method, adsorption separation method, membrane separa-
tion method, ion exchange method, physical and chemi-
cal method and biological method (biological flocculation 
method, biological adsorption method, plant remediation 
method) [3–8]. Among them, the adsorption separation 
method is relatively simple, and there are many kinds of 
adsorbents, which is the most commonly used method. 
Common materials such as carbonaceous materials, metal 
organic framework materials, mineral materials, and bio-
mass materials, for environmentally friendly biocompat-
ible biodegradable, low toxicity and renewable heavy metal 
adsorption materials have become a research hotspot.

Metal–organic framework (MOF) is a crystal structure 
synthesized by organic linkers and inorganic metal ions or 
metal clusters. Due to its large surface area, high porosity, 
and good stability, it has been widely used in gas separation, 
energy conversion, catalysis, sensing, organic degradation, 
metal ion adsorption and biomedical applications [9–11]. 
UiO-66-NH2 is a metal–organic framework material devel-
oped with Zr4+ as the metal center and 2-aminoterephthalic 
acid as the ligand. It has strong thermal stability and chemi-
cal stability, and the porosity of UiO-66-NH2 is large. The 
introduction of amino groups will make it more excellent 
in some aspects [12–14] and easier to be functionalized. 
Therefore, the function of UiO-66-NH2 as an excellent heavy 
metal ion adsorbent in removing pollutants from aqueous 
solution has received extensive attention. Due to the crys-
tallinity of the material itself, it mostly exists in the form of 
powder and is prone to agglomeration in water, and it is easy 
to cause pipeline blockage in the adsorption system [15], 
which is not conducive to recycling. Therefore, the combi-
nation of UiO-66-NH2 with appropriate substrate materi-
als is an effective method to realize its functional recovery 
and reuse [16]. Zhang et al. [17] successfully fabricated a 
PEI/metal–organic framework@polyvinylidene fluoride 
(PEI/MOF@PVDF) composite membrane by depositing 
UiO-66-NH2 and cross-linking it with PVDF and PEI. The 
composite membrane demonstrated an effective treatment 
volume of 2322.23 L·m−2 for Cr (VI) through electrostatic 
attraction, while Cr(III) maintained a stable effluent concen-
tration of 10.4 mg·L−1 via the Donnan effect. Furthermore, 
the effective treatment volume of the composite membrane 
remained above 91.83% after three cycles, making it an ideal 
adsorbent material.

Cellulose nanofiber is an essential component of bio-
mass, being the most abundant natural polymer material on 
Earth. Its stable physicochemical properties, non-toxicity, 

biodegradability, and low cost make cellulose materials rep-
resentative of economically and environmentally friendly 
materials. Additionally, due to its abundant hydroxyl groups 
on the surface, cellulose nanofiber is widely used in the field 
of heavy metal ion adsorption [18].

Therefore, to address the issues of pipeline blockage 
and difficult recovery of UiO-66-NH2 in aqueous environ-
ments, UiO-66-NH2 was loaded onto cellulose nanofiber 
membranes (UNC) using cellulose as the substrate and an 
ionic liquid ([AMIM]Cl) as the solvent via wet spinning. 
The optimal preparation conditions of the composite mem-
brane were investigated by varying the amounts of cellulose, 
PVA, and UiO-66-NH2. The optimal adsorption conditions 
of UNC for Cd(II) were determined by altering the initial 
concentration and pH of the Cd(II) solution, as well as the 
adsorption temperature and time. The materials were char-
acterized using SEM, FT-IR, XRD, and XPS to explore the 
microstructural changes during processing, and the adsorp-
tion mechanism was preliminarily elucidated by combining 
adsorption kinetics and isotherm studies. This method offers 
shorter adsorption time, lower usage, and reduced costs for 
treating Cd(II) wastewater, while also addressing issues 
of UiO-66-NH2 aggregation and pipeline blockage during 
adsorption, providing valuable insights for the application 
of MOF materials and Cd(II) wastewater treatment.

2 � Experiment part

2.1 � Experimental materials and instruments

Tables 1 and 2 are the materials and instruments required 
for the experiment.

2.2 � Synthesis of the UiO‑66‑NH2

UiO-66-NH2 was synthesized by an improved solvothermal 
method [19]. Then, 0.4 g of 2-aminoterephthalic acid and 
0.5 g of ZrCl4 were added to 30 mL of DMF and ultrasoni-
cally dissolved to form a solution. The solution was then 
poured into a hydrothermal reactor and reacted at 120 °C for 
12 h. After that, the solution after the reaction was filtered, 
and the yellow solid was obtained by washing with DMF and 
methanol for many times. The yellow solid was dried in an 
oven at 60 ℃ for 12 h to get a yellow powder UiO-66-NH2.

2.3 � Preparation of the UNC

A certain capacity of cellulose ( 0.4 g, 0.8 g, 1.2 g, 1.6 g, 
and 2.0 g) was dissolved in 15 g dimethyl sulfoxide and 
4 g ionic liquid and stirred in a water bath at 85 °C for 
4 h. Then, an appropriate capacity of UiO-66-NH2 (0.05 g, 
0.1 g, 0.15 g, 0.2 g, and 0.25 g) was added to continue 
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stirring for 1 h, and then, a certain capacity of PVA (0.6 g, 
0.8 g, 1.0 g, 1.2 g, and 1.4 g) was added to stir for 1.5 h. 
The spinning solution was prepared and the primary fila-
ment was obtained. UNC was prepared by soaking in anhy-
drous ethanol for 2 h in coagulation bath and drying in a 
vacuum oven at 50 °C for 12 h.

2.4 � Cd(II) adsorption experiments

50  mL Cd(II) solution with a certain concentration 
(600 mg·L−1, 700 mg·L−1, 800 mg·L−1, 900 mg·L−1, and 
1000 mg·L−1) was added to the conical flask, and then, 
0.05 g UNC was added. The solution was placed in a con-
stant temperature water bath oscillation box at different 
temperatures (25 °C, 35 °C, 45 °C, 55 °C, and 65 °C). 
At different pH values (0.89, 2, 3, 4, and 5), adsorption 
time (1 h, 2 h, 3 h, 4 h, and 5 h). After the adsorption 
experiment, the concentration of Cd(II) in the water after 
adsorption was measured by ultraviolet spectrophotometer 
at 600 nm. Substituted into the formula (1), the adsorption 
capacity of UNC to Cd(II) was calculated.

Qe is the capacity of adsorption (mg·g−1), C0 is the Cd(II) 
concentration before adsorption (mg·L−1), Ce is the Cd(II) 
concentration after adsorption (mg·L−1), V is the volume 
of Cd(II) solution (L), and m is the mass of adsorbent (g).

(1)Qe = (C0 − Ce) × V∕m

2.5 � Characterization

2.5.1 � SEM characterization

The microstructure of the samples was analyzed by scan-
ning electron microscopy. The conductive adhesive is 
attached to the sample, and an appropriate capacity of 
sample is taken on the conductive adhesive. The unfixed 
sample is cleaned, and then, the sample is dried and 
sprayed with gold. The acceleration current is 5 kV, and 
the appropriate magnification is observed.

2.5.2 � FTIR characterization

The Fourier transform infrared spectrometer was used to 
analyze the infrared spectrum of the sample. The sample 
was subjected to KBr tableting, with a resolution of 4 cm−1 
and a wavenumber range of 450 ~ 4000 cm−1. The ZnSe 
prism and 60° incident angle were used, and the number 
of scans was 160 times.

2.5.3 � XRD characterization

The samples were analyzed by XRD. The samples were 
placed on a blank glass slide, compacted and sent to the 
sample chamber. The incident wavelength was 0.514 nm, 

Table 1   Experimental materials Experiment reagent Reagent grade Manufacturer

Cellulose AR Hebei Bailingwei Ultrafine Materials Co., Ltd
Zirconium chloride (ZrCl4) AR Shanghai Aladdin Biochemical Technology Co., Ltd
Ionic liquid ([AMIM]Cl) AR Shenyang Sinos Technology Co., Ltd
N,N-Dimethylformamide AR Fu Chen (Tianjin) Chemical Reagent Co., Ltd
2-Aminoterephthalic acid AR Shanghai Aladdin Biochemical Technology Co., Ltd
Polyvinyl alcohol (PVA) AR Chemical Reagent Co., Ltd
Dimethyl sulfoxide (DMSO) AR Fu Chen (Tianjin) Chemical Reagent Co., Ltd
Ethanol AR Tianjin Guangfu Technology Development Co., Ltd

Table 2   Experimental 
instruments

Laboratory apparatus Model Manufacturer

Drying vacuum oven DZF-6210 Shanghai Shanzhi Instrument and Equipment Co., Ltd
pH measuring instrument STARTER3100 Ohaus Instruments Shanghai Co., Ltd
Dual-beam ultraviolet–visible 

spectrophotometer
TU-1901 Beijing Persee General Instrument Co., Ltd

Infrared spectrometer SOR-27 Bruker Optics, Germany
X-ray diffractometer D8ADVANCE Bruker Optics, Germany
Scanning electron microscope 6701F JSM Company, Japan
Hydrothermal reactor YSKH Shanghai Shenke Instrument Co., Ltd
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the scanning range was 10–90°, the scanning speed was 4 
(°)/min, and the scanning interval was 0.02°.

2.5.4 � XPS characterization

The surface elements and their valence states of the samples 
were analyzed by X-ray photoelectron spectroscopy. The Al 
target Ka ray was used as the laser source, the photoelectron 
energy was 1486.6 eV, and the electron binding energy was 
corrected using the 284.6 eV of CIs as the reference. The 
characteristic peak error was ± 0.47 eV.

3 � Result and discussion

3.1 � Preparation experiments

Figure 1 shows images of UNC composite membranes with 
(a) different cellulose contents and (b) different UiO-66-NH2 
contents.

3.1.1 � Dosage of cellulose

When the dosage of PVA is 1.2 g and the dosage of UiO-
66-NH2 is 0.15 g, the effect of the dosage of cellulose on 
the adsorption of Cd(II) by UNC is shown in Fig. 2a. From 

Fig. 2a, it can be seen that as the dosage of cellulose gradu-
ally increases, the adsorption capacity of UNC to Cd(II) 
increases first and then decreases. When the dosage of cel-
lulose is 0.8 g, the adsorption capacity of UNC to Cd(II) 
reaches the maximum, which is 599.72 mg·g−1. This may be 
due to the fact that cellulose is used as the substrate material 
to accommodate UiO-66-NH2. When the dosage is insuffi-
cient, UiO-66-NH2 cannot be completely evenly distributed 
in it. It can be seen from Fig. 1a that when the dosage of 
cellulose is small, UiO-66-NH2 agglomerates and accumu-
lates, and UNC shows dark yellow. With the increase of 
cellulose dosage, the color gradually becomes lighter, which 
indicates that UiO-66-NH2 is gradually uniformly dispersed 
in it. However, when the capacity of cellulose is too much, 
UiO-66-NH2 is too dispersed in it. The content of UiO-
66-NH2 in UNC with the same mass decreased sharply, and 
the adsorption capacity decreased. Therefore, the optimum 
dosage of cellulose was 0.8 g.

3.1.2 � Dosage of PVA

When the dosage of cellulose was 0.8 g and the dosage of 
UiO-66-NH2 was 0.15 g, the effect of PVA dosage on the 
adsorption of Cd(II) by UNC was shown in Fig. 2b. It can 
be seen from Fig. 2b that with the increase of PVA dosage, 
the adsorption capacity of UNC to Cd(II) increased first and 
then decreased. When the dosage of cellulose was 1.2 g, the 
adsorption capacity of UNC to Cd(II) reached the maximum, 
which was 609.11 mg·g−1. It can be seen from the SEM 
characterization results that the dissolved cellulose PVA was 
crosslinked to form a three-dimensional network structure 
[20], and UiO-66-NH2 was uniformly attached to the three-
dimensional network structure. When the dosage of PVA is 
less, it cannot be well crosslinked with the dissolved cellu-
lose, so that the adsorption capacity is low. When the dosage 
of PVA increased, it was too tightly crosslinked with cel-
lulose, so that the UiO-66-NH2 was tightly wrapped, some 
adsorption sites could not be exposed, and the adsorption 
capacity decreased. Therefore, the optimum dosage of PVA 
is 1.2 g.

3.1.3 � Dosage of UiO‑66‑NH2

When the dosage of PVA was 1.2 g and the dosage of cel-
lulose was 0.8 g, the effect of the dosage of UiO-66-NH2 on 
the adsorption of Cd(II) by UNC was shown in Fig. 2c. It 
can be seen from Fig. 2c that with the increase of the dosage 
of UiO-66-NH2, the adsorption capacity of UNC to Cd(II) 
increased first and then decreased. When the dosage of cel-
lulose was 0.15 g, the adsorption capacity of UNC to Cd(II) 
reached the maximum, which was 601.08 mg·g−1. From 
Fig. 1b, it can be seen that as the dosage of UiO-66-NH2 
gradually increases, the color deepens from light yellow to 

Fig. 1   UNC (a) with different cellulose dosage and UNC (b) with dif-
ferent UiO-66-NH2 dosage

Fig. 2   Effects of a the amount of cellulose addition, b the amount 
of PVA addition, and c the amount of UiO-66-NH2 addition on the 
adsorption capacity of Cd(II)
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dark yellow, indicating that the content of UiO-66-NH2 in 
UNC per unit weight gradually increases, and the number 
of adsorption sites and active functional groups [21] also 
increases, so the adsorption capacity gradually increases. 
However, when the content of UiO-66-NH2 is too high, 
it can be seen from the SEM photos that UiO-66-NH2 is 
agglomerated and accumulated in the three-dimensional net-
work structure, which makes the adsorption sites gradually 
decrease and the adsorption capacity decrease. Therefore, 
the optimal dosage of UiO-66-NH2 is 0.15 g.

3.1.4 � Preparation mechanism

Figure 3 illustrates the formation process of the UNC com-
posite membrane and the dissolution process of cellulose. 
Under the action of ionic liquids, the synergy of anions and 
cations disrupts the hydrogen bonds of cellulose, gradually 
dissolving cellulose and cross-linking with PVA to form a 
three-dimensional network structure. With the passage of 
time, the ionic liquid in the membrane begins to precipitate, 
and this precipitation process forms an excellent pore struc-
ture, which is conducive to the distribution of UiO-66-NH2 
within it. The interaction between cellulose and PVA gen-
erates hydrogen bonds, which enhance the stability of the 
structure.

3.2 � Adsorption experiment

3.2.1 � Initial concentration of Cd(II) solution

When the adsorption time was 2 h, the adsorption tempera-
ture was 45 ℃, and the pH was 0.89, the effect of the ini-
tial concentration of Cd(II) solution on the adsorption of 
Cd(II) by UNC was shown in Fig. 4a. It can be seen from 
Fig. 4a that with the increase of Cd(II) solution concentra-
tion, the adsorption capacity of UNC to Cd(II) increased 
first and then decreased slightly. When the concentration 
of Cd(II) solution was 900 mg·L−1, the adsorption capac-
ity of UNC to Cd(II) reached the maximum, which was 
611.89 mg·g−1. In the early stage of adsorption, the diffu-
sion rate of Cd(II) was accelerated due to the increase of 

concentration difference driving force, which increased the 
probability of Cd(II) capture by UNC surface active sites 
and internal voids [22]. When the concentration of Cd(II) 
continued to increase, the surface active sites and internal 
voids of UNC tended to be saturated, and the diffusion 
rate of Cd(II) slowed down due to the increase of con-
centration, so that the rate of Cd(II) reaching the surface 
of UNC slowed down. Therefore, the adsorption capacity 
decreased slightly. Consequently, when the initial concen-
tration of Cd(II) solution is 900 mg·L−1, the adsorption 
effect is the best.

3.2.2 � The pH value of the Cd(II) solution

When the initial concentration of Cd(II) solution was 
900 mg·L−1, the adsorption temperature was 45 ℃, and the 
adsorption time was 2 h, the effect of pH value of Cd(II) 
solution on the adsorption capacity of Cd(II) adsorbed by 
UNC was shown in Fig. 4b. From Fig. 4b, it can be seen 
that the adsorption capacity gradually increases with the 
decrease of pH value. When pH = 0.89, the adsorption 
capacity of UNC is the largest, and the adsorption capacity 
is 606.41 mg·g−1. With the increase of pH, the -OH in the 
solution gradually increased, and Cd(II) and -OH formed 
a complex [23], which was not conducive to the adsorp-
tion of Cd(II) by UNC, so the adsorption capacity gradually 
decreased. This phenomenon can be explained by Pearson’s 
HSAB theory ( hard and soft acid–base theory). According 
to HSAB theory, Cd(II) is classified as a hard acid. There-
fore, Cd(II) has a smaller ionic radius and a higher charge 
density, which can form strong ionic bonds with hard bases. 
-OH is classified as hard base. Therefore, in the case of high 
pH, with the increase of -OH in the solution, Cd(II) is more 
likely to react with -OH to form stable compounds, result-
ing in a decrease in adsorption capacity. When the solution 
is in low acidity, the content of H+ is high. Due to the high 
porosity and strong acid and alkali resistance of UNC, Cd(II) 
is more adsorbed by UNC. Therefore, pH = 0.89 is the best 
adsorption pH.

Fig. 3   Preparation process and internal structure of UNC
Fig. 4   Effects of four adsorption conditions: a the initial concentra-
tion of Cd(II) solution and adsorption temperature, b the pH value of 
the Cd(II) solution, c adsorption temperature, and d adsorption time
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3.2.3 � Adsorption temperature

When the adsorption time was 2 h, the initial concentration 
of Cd(II) solution was 900 mg·L−1, and the pH was 0.89, the 
effect of adsorption temperature on the adsorption capacity 
of UNC for Cd(II) was shown in Fig. 4c. From Fig. 4c, it 
can be seen that with the increase of adsorption tempera-
ture, the adsorption capacity of UNC for Cd(II) increased 
first and then decreased. When the adsorption temperature 
was 45 ℃, the adsorption capacity reached a maximum of 
610.34 mg·g−1. When the temperature is low, the activity of 
Cd(II) is low, and it cannot fully contact with the adsorption 
sites and active sites of UNC [24]. When the temperature is 
too high, the adsorption capacity decreases sharply, which 
indicates that the temperature has a great influence on the 
adsorption of Cd(II) by UNC. The increase of temperature 
will make the internal structure of UNC loose, and the 
movement of Cd(II) will be intensified [25]. Some Cd(II) 
will be separated from UNC and the adsorption capacity will 
be reduced. Therefore, the adsorption effect is the best when 
the adsorption temperature is 45 ℃.

3.2.4 � Adsorption time

When the initial concentration of Cd(II) solution is 
900 mg·L−1, the adsorption temperature is 45 ℃, and the 
pH is 0.89, the effect of adsorption time on the adsorp-
tion capacity of UNC for Cd(II) is shown in Fig. 4d. From 
Fig. 4d, it can be seen that with the increase of adsorption 
time, the adsorption capacity of UNC for Cd(II) increases 
first and then decreases. When the adsorption time is 2 h, the 
adsorption capacity reaches a maximum of 607.37 mg·g−1. 
With the continuous growth of adsorption time, when the 
time reaches 2 h, the adsorption of UNC reaches saturation 
[26]. After the time continues to increase, the adsorption 
capacity begins to decrease, which is because the adsorption 
sites continue to decrease, and the electrostatic repulsion 
continues to increase [27]. In addition, the internal structure 
of UNC becomes looser due to the increase of adsorption 
time, resulting in some Cd(II) gradually falling off from 
UNC. Therefore, 2 h is the best adsorption time.

Through the exploration of the aforementioned four fac-
tors, UNC achieved an adsorption capacity of 611.89 mg·g−1 
for Cd(II) within 2 h. To better understand the performance 
of UNC, the adsorption performance of this adsorbent is 
compared with other studies [28, 29]. Table 3 lists some 
adsorbents used by researchers, and by comprehensive com-
parison with the different adsorbents listed in Table 3, UNC 
demonstrates excellent Cd(II) adsorption capability.

3.3 � Adsorption kinetics

The relationship between adsorption rate and adsorption 
dynamic equilibrium was analyzed by adsorption kinet-
ics method. In order to further understand the adsorption 
mechanism of Cd(II) on UNC, the pseudo-first-order and 
pseudo-second-order kinetic models were used to fit the 
experimental data, which were Eqs. (2) and (3), respectively.

The pseudo-first-order kinetic model is represented as 
Eq. (2) [35]:

qt (min) the amount of drug adsorbed at moment t (mg·g−1), 
qe is the amount of drug adsorbed at equilibrium (mg·g−1), 
and k is the rate constant for the quasi-primary kinetic model 
(min−1).

The pseudo-second-order kinetic model is represented as 
Eq. (3):

v0 (mg·g−1·min−1) is the initial adsorption rate of the pseudo-
second-order kinetic model (mg·g−1·min−1).

(2)qt = qe(1 − e−kt)

(3)qt = qev0t∕(qe + v
0
t)

Table 3   Comparison of 
adsorption capacity of different 
adsorbents

Adsorbent Initial OTC concentration 
(mg·L−1)

qm (mg·g−1) Time (min)

Clinoptilolite [30] 800 175 60
Fe-montmorillonite [31] 200 50.67 60
HAP-SSBC [32] 300 114.68 60
Hydrochar [33] 50 19.99 60
Vetiver grass biochar (VGB) [34] 100 57.87 100
UNC 900 611.89 120

Fig. 5   The pseudo-first-order (a) and pseudo-second-order (b) kinetic 
models for the adsorption of Cd(II) by UNC
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Figure 5 shows the pseudo-first-order (a) and pseudo-
second-order (b) kinetic models of UNC adsorbing Cd(II). 
Table 4 is the pseudo-first-order and pseudo-second-order 
kinetic parameters of UNC adsorbing Cd(II). According 
to the parameters in the table, the linear correlation coef-
ficients R2 of the pseudo-first-order and pseudo-second-
order kinetic models of UNC adsorbing Cd(II) are 0.986 and 
0.995, respectively, and the theoretical adsorption capacities 
are 553.110 mg·g−1 and 658.594 mg·g−1, respectively. The 
actual maximum adsorption capacity of UNC for Cd(II) is 
611.89 mg·g−1, which has a good linear relationship with the 
pseudo-second-order kinetics. It can be seen that the adsorp-
tion process of Cd(II) by UNC is dominated by chemical 
adsorption and supplemented by physical adsorption.

3.4 � Adsorption isotherms

Adsorption isotherms can further describe the adsorption 
process and adsorption mechanism. The adsorption mecha-
nism of Cd(II) on UNC can be described more accurately by 
Langmuir and Freundlich isotherm models. They are Eqs. 
(4) and (5), respectively.

The Langmuir model is represented by Eq. (4) [36]:

qe is the equilibrium adsorption capacity of OTC 
(mg·g−1), qm is the theoretical maximum adsorption capacity 
(mg·g−1) when the surface is completely covered by OTC, 
and b is the Langmuir constant (g·mg−1).

The Freundlich model is represented by Eq. (5):

KF (mg1−1/n·L1/n·g−1) is Freundlich constant and 1/n is 
the adsorption intensity (monolayer adsorption (n < 1) and 
cooperative adsorption (n > 1)).

(4)qe = qmCe∕((1∕b) + Ce)

(5)qe = KFC
1∕n
e

Figure 6 shows the Langmuir (a) and Freundlich (b) 
models of UNC adsorption of Cd(II), and Table 5 presents 
the Langmuir and Freundlich model parameters for UNC 
adsorption of Cd(II). According to the data in the table, 
the linear correlation coefficient (R2) of the Langmuir iso-
therm model for Cd(II) on UNC is 0.924, with a theoreti-
cal adsorption capacity of 1355.691 mg·g−1, whereas the 
actual adsorption capacity is 611.89 mg·g−1, indicating 
a significant deviation from the theoretical value. The 
Freundlich isotherm model exhibits a good linear cor-
relation, with a coefficient (R2) of 0.992. Therefore, the 
adsorption process of Cd(II) on UNC is better described 
by the Freundlich isotherm model, indicating a multilayer 
adsorption mechanism. Combined with the characteriza-
tion analysis in Section 3.6.2, it is evident that due to the 
abundant -OH and -NH2 groups on the surface and within 
the pores of UNC, Cd(II) can form coordination bonds 
with -OH and -NH2, leading to its adsorption on both the 
surface and internal pores of UNC [37]. Additionally, 
zeta potential experiments revealed that UNC exhibited 
the maximum negative charge at pH = 0.89, corresponding 
to the maximum adsorption capacity. At this pH, Cd(II) 
was also adsorbed via electrostatic interaction, indicating 
that the adsorption process of Cd(II) by UNC involves 
multilayer adsorption including both physical and chemi-
cal adsorption.

Table 4   The pseudo-first-order and pseudo-second-order kinetic 
parameters of Cd(II) adsorption on UNC

Pseudo-first-order Pseudo-second-order

k (min−1) qe (mg·g−1) R2 vo (g(mg·min)−1) qe (mg·g−1) R2

0.073 533.110 0.986 55.191 658.594 0.995

Fig. 6   Langmuir (a) and Freundlich (b) models of Cd(II) adsorption 
by UNC

Table 5   The pseudo-first-order and pseudo-second-order kinetic 
parameters of Cd(II) adsorption on UNC

Langmuir Freundlich

b (g·mg−1) qe (mg·g−1) R2 Kf ((mg·g−1)
(L·mg−1)1/n)

1/n R2

8 × 10–3 1355.691 0.924 9.705 1.661 0.992

Fig.7   SEM photos of UiO-66-NH2 (a 5 μm, b 8 μm), UiO-66-NH2 
with an added capacity of 0.25 g to UNC (c), UNC (d) before Cd(II) 
adsorption and UNC (e) after Cd(II) adsorption
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3.5 � Characterization results and analysis

3.5.1 � SEM analysis

Figure 7 (a: 5 μm, b: 8 μm) is the morphology of UiO-
66-NH2 at 5 μm and 8 μm. Figure 7c–e is the SEM photos 
of UNC (c) with UiO-66-NH2 dosage of 0.25 g, UNC (d) 
before adsorption of Cd(II) and UNC (e) after adsorption 
of Cd(II). As can be seen from Fig. 7a, b, the SEM image 
of UiO-66-NH2 is consistent with the literature description 
[38]. Due to its inherent agglomeration, it cannot be evenly 
dispersed, which reduces the number of adsorption sites and 
active functional groups, and cannot effectively exert its high 
specific surface area advantage. Figure 7c shows UNC with 
an added capacity of 0.25 g of UiO-66-NH2. From the figure, 
it can be seen that 0.25 g of UiO-66-NH2 is agglomerated on 
the surface of UNC and is too densely distributed. This not 
only reduces its own number of adsorption sites and active 
functional groups but also reduces the adsorption sites of 
cellulose, which seriously affects the adsorption capacity of 
UNC for Cd(II). Figure 7d is the UNC before adsorption. It 
can be seen from UNC (d) that UiO-66-NH2 is loaded in the 
three-dimensional pores and is evenly distributed. Figure 7e 
is the UNC after adsorption of Cd(II). SEM photos show that 
there are still a small number of narrow pores in UNC, but 
the surface is smooth and flat, which indicates that Cd(II) is 
successfully adsorbed.

3.5.2 � FT‑IR analysis

Figure 8 is the FT-IR spectra of UiO-66-NH2 (a), cellu-
lose (b), UNC (c) before Cd(II) adsorption, and UNC (d) 
after Cd(II) adsorption. From the FT-IR spectra of UiO-
66-NH2 (a), it can be seen that the adsorption band of 
1380–1600 cm−1 is the characteristic adsorption band of 
UiO-66-NH2. Because the ligand of UiO-66-NH2 is 2-ami-
noterephthalic acid, it contains aromatic carboxylic acids. 
Therefore, the peak at 1434 cm−1 is the C–C stretching 
vibration peak, and the peaks at 1382 cm−1 and 1573 cm−1 
are symmetric and asymmetric C-O stretching bonds, 
respectively, from aromatic and carboxylic acid groups. In 

addition, the C-N stretching vibration peak can be observed 
at 1255 cm−1, the peak at 1656 cm−1 is the bending vibration 
peak of N–H, and the characteristic peaks at 661 cm−1 and 
767 cm−1 can be attributed to the Zr-O stretching vibration. 
These characteristic peaks proved that UiO-66-NH2 was suc-
cessfully prepared [39, 40]. From the FT-IR spectra of cel-
lulose (b), it can be seen that the stretching vibration peak of 
O–H is at 3100–3460 cm−1, and the absorption peak of C-H 
is at 2906 cm−1. However, after the dissolution of cellulose 
into UNC, the absorption peak at 2906 cm−1 is weakened, 
which is due to the destruction of the crystal structure of cel-
lulose during dissolution. As evidenced by the FT-IR spec-
trum of UNC (c) post-adsorption, the O–H stretching vibra-
tion peak at 3460 cm−1 weakens following the adsorption 
of Cd(II), a phenomenon attributed to the reaction between 
Cd(II) and -OH. The N–H bending vibration peak shifts to 
a lower wavenumber (1625 cm−1), indicative of a chelation 
reaction between Cd(II) and -NH2. Concurrently, Zr-O shifts 
from a higher to a lower value, underscoring its pivotal role 
in the adsorption process. These findings are in harmony 
with the XPS characterization results. As revealed by the 
FT-IR spectrum of UNC (d) prior to adsorption, the C-H 
bending vibration peak at 2906 cm−1 in cellulose shifts to a 
higher wavenumber (3126 cm−1). This shift is attributed to 
the increase in hydrogen bonds during the crosslinking of 
cellulose with PVA. A characteristic peak of Zr-O emerges 
at 767 cm−1, and the stretching vibration peaks at 1400 cm−1, 
1625 cm−1, and 3460 cm−1 are markedly enhanced. These 
observations provide compelling evidence that UiO-66-NH2 
has been successfully loaded onto the cellulose.

3.5.3 � XRD analysis

Figure 9 shows the XRD patterns of UiO-66-NH2 (a), cel-
lulose (b) and UNC (c). From the XRD pattern of UiO-
66-NH2 (a), it can be seen that the synthesized UiO-66-NH2 
has a sharp diffraction peak, which indicates that it has 
excellent crystallinity. UiO-66-NH2 has obvious crystal 
plane characteristic diffraction peaks at 2θ = 6.8°, 8.1° and 
25.4°, and its characteristic diffraction peaks are consistent 
with those reported in the literature [41], which proves that 

Fig. 8   FT-IR spectra of UiO-66-NH2 (a), cellulose (b), UNC after 
adsorption of Cd(II) (c), and UNC (d) Fig. 9   XRD patterns of UiO-66-NH2 (a), cellulose (b), and UNC (c)
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UiO-66-NH2 is successfully synthesized. From the XRD 
patterns of cellulose (b), it can be seen that the (101), (002), 
and (004) crystal planes of cellulose appeared at 2θ = 15.5°, 
22.5°, and 34.5°, respectively, which belonged to the char-
acteristics of cellulose crystal type I [42]. According to the 
XRD spectrum of UNC (c), the characteristic diffraction 
peak of the crystal plane of the composite film shifted from 
2θ = 15.5 to 19.7°, which was due to the deposition of UiO-
66-NH2 in the three-dimensional network structure formed 
by cellulose and PVA during the blending of UiO-66-NH2 
and cellulose. At the same time, the diffraction peak of 
regenerated cellulose was weakened, which was due to the 
crosslinking reaction between cellulose and PVA during the 
blending process.

3.5.4 � XPS analysis

Figure 10 shows the XPS spectra of the UNC before and 
after Cd(II) adsorption. It can be seen from Fig. 10 that 
the functional groups corresponding to O at 532.13 eV and 
533.23 eV in UNC before adsorption are C = O and Zr-O, 
respectively. After adsorption, C = O and Zr-O shifted 
(532.13 eV → 531.08 eV and 533.23 eV → 532.03 eV), 
which may be due to the generation of hydrogen bonds 
and the participation of Zr-O in the adsorption process. 
The functional groups corresponding to N at 399.78 eV 
and 401.53 eV in UNC before adsorption were N–C and-
NH2, respectively [15]. After adsorption, N–C and-NH2 
shifted (399.73 → 398.43 eV and 401.53 → 400.33 eV), 
which was due to the chelation reaction between-NH2 and 
Cd(II), which was consistent with the results of FT-IR 
analysis. In the pristine UNC, the functional groups cor-
responding to the C peaks at 284.18 eV, 285.08 eV, and 
288.18 eV are C–C, C-O, and O = C-O, respectively. Upon 
adsorption, a shift is observed in the C-O peak (from 
285.08 to 285.53 eV). This shift is likely attributed to the 
partial transfer of electron cloud density from the oxygen 
atom in the C-O group to Cd(II), resulting in the forma-
tion of a coordination bond during the adsorption process. 
The functional groups corresponding to Zr at 184.83 eV 
and 182.48 eV before adsorption were Zr-O and Zr-Zr, 

respectively. After adsorption, both Zr-O and Zr-Zr shifted 
(184.83 eV → 183.78 eV and 182.48 eV → 181.48 eV), 
indicating that it was involved in the adsorption of Cd(II). 
The characteristic peaks of Cd appeared at 404.83 eV and 
411.03 eV [43, 44], indicating that the successful adsorp-
tion of Cd(II) by UNC was consistent with the analysis 
results of SEM.

3.6 � Adsorption mechanism

Figure 11 depicts the adsorption mechanism of Cd(II) 
on the UNC composite membrane. Combined with the 
analysis results of FT-IR and XPS spectra, it is evident 
that after Cd(II) adsorption, the FT-IR spectrum of UNC 
shows a weakening of the stretching vibration peak of 
O–H at 3460  cm−1, and the bending vibration peak of 
N–H shifts to a lower wavenumber at 1625  cm−1. The 
XPS spectrum displays a shift of the peaks of -NH2 and 
Zr-O to lower wavenumbers (401.53 → 400.33 eV and 
184.83 eV → 183.78 eV). Thus, O–H, -NH2, and Zr-O in 
UNC all participate in the adsorption process of Cd(II). 
According to relevant literature, O–H and -NH2 form 
coordination bonds with Cd(II), while Zr-O forms a Zr-
O-Cd coordination bond [45, 46]. Therefore, the chemical 
adsorption of Cd(II) on UNC is primarily due to coor-
dination effects. SEM images show that the UNC com-
posite membrane possesses a complex porous structure. 
During the dissolution and regeneration process, cellu-
lose crosslinks with PVA, forming a three-dimensional 
network structure. Within the porous network structure, 
UiO-66-NH2 is distributed, and Cd(II) is adsorbed inside 
the material through the pore structure [47]. Through iso-
electric point experiments, it is found that the UNC com-
posite membrane exhibits the maximum negative charge 
at pH = 0.89, coinciding with the maximum adsorption 
capacity. Thus, the physical adsorption of Cd(II) on the 
UNC composite membrane comprises both electrostatic 
adsorption and pore filling processes [48]. In summary, the 
adsorption mechanism of Cd(II) on the UNC composite 
membrane involves coordination effects, pore filling, and 
electrostatic interactions.

Fig. 10   XPS spectra of UNC before and after adsorption

Fig. 11   Adsorption mechanism diagram
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3.7 � Cyclic adsorption

Figure 12 shows five cycles of desorption experiments 
using 4% HNO3 as the desorbing agent. From the graph, 
it can be observed that after the first cycle, the adsorption 
capacity decreased from 611.89 to 580.23 mg g−1, result-
ing in a loss rate of 5%. However, from the second cycle 
onwards, the reduction in loss rate was approximately 19%, 
29%, 37%, and 38%, respectively. The adsorption capacity 
for the fifth cycle was 381.36 mg g−1. Due to the predomi-
nantly chemical adsorption of UNC, it is difficult to remove 
during the desorption process, resulting in the inability of 
chemical adsorption sites to adsorb again. Moreover, 4% 
HNO3 during the desorption process may to some extent 
damage the membrane material, causing the detachment 
of UiO-66-NH2 embedded on the surface and internally. 
Therefore, the cycling adsorption results show that after five 
cycles, the adsorption performance of UNC decreased to 
381.36 mg g−1. However, compared to other types of adsor-
bents listed in the paper, it still exhibits good adsorption 
efficiency.

4 � Conclusion

In summary, the UNC composite membrane was success-
fully prepared, with UiO-66-NH2 effectively loaded onto 
the cellulose nanofilm. Subsequent adsorption experiments 
revealed that the composite membrane exhibited an adsorp-
tion capacity of 611.89 mg·g−1 for Cd(II), which is superior 
to other adsorbents listed in the literature. SEM analysis 
showed that the synthesized UNC composite membrane 
possessed a complex three-dimensional network structure, 
originating from the cross-linking of regenerated cellulose 
and PVA, with UiO-66-NH2 observed loaded on the surface 
and within the pores of the composite membrane. FT-IR and 
XPS analysis of the UNC composite membrane before and 
after adsorption confirmed that the coordination between 
Cd(II) and -OH, -NH2, and Zr-O was the main driving force 
for chemical adsorption. Furthermore, combining adsorption 
kinetics and isotherms further elucidated that the adsorption 
of Cd(II) by the UNC composite membrane was a complex 
multilayered adsorption dominated by chemical adsorp-
tion with physical adsorption as a supplementary process. 
Overall, the adsorption mechanism of the UNC compos-
ite membrane for Cd(II) involves the coordination between 

metal ions and N, O, and pore filling and electrostatic inter-
actions. The UNC composite membrane requires short treat-
ment time, low dosage, and low cost for Cd(II) wastewater 
treatment, and it also addresses the problem of UiO-66-NH2 
aggregation and pipeline blockage during adsorption. As a 
membrane material, it has the potential for cyclic adsorption, 
making it an ideal heavy metal adsorbent.
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