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Abstract
Cellulose is a renewable and promising material. However, native cellulose has to face the challenge of the removal of heavy 
metals with low efficiency which limits its application. In this work, a cellulose derivative with EDTA-like chelating groups 
(EDTA-CL) is designed and prepared by the chemical grafting of cellulose. Cellulose is partially oxidized to dialdehyde 
cellulose which is treated with 20% excess of diethylenetriamine through a Schiff base reaction for the preparation of the 
aminated cellulose. The amine groups of the aminated cellulose are carboxymethylated by reacting with 20% excess of 
bromoacetic acid through a substitution reaction. The high-efficient adsorption of the both ions by the EDTA-CL with high 
adsorptive amounts  (Pb2+: 438.3 mg  g−1 and  Cd2+: 287.2 mg  g−1) can be accomplished by controlled parameters (pH of 
4–6, contact time of 30 min and the dosage of 1 g  L−1). The adsorptive processes of the both ions onto the EDTA-CL can 
be well fitted by pseudo-second-order and Langmuir equations. Thermodynamics data reveal that the adsorption of the both 
ions onto the EDTA-CL is a spontaneous and endothermic process. The loaded EDTA-CL can be regenerated five times 
with loss of adsorptive amounts  (Cd2+: 14% and  Pb2+: 17%).
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Introduction

Pollution of heavy metals (such as lead  (Pb2+) and cadmium 
 (Cd2+)) is one of the main environmental problems in the 
world [1]. Non-biodegradable  Pb2+ and  Cd2+ ions as prob-
able carcinogens can be accumulated in organisms, causing 
a serious threat for human health through food chain [2]. 
The effective removal of the  Pb2+ and  Cd2+ ions from waste-
waters has attracted considerable attention [3]. The metal-
bearing effluents with the high concentrations can be effec-
tively treated by many methods [3, 4], whereas adsorption 
becomes a highly efficient treatment for the metal-bearing 
effluents containing the low concentrations at the level of 
mg  L−1 [5]. Therefore, it is vital to develop the low cost, 
environmentally friendly, abundant reserves, biodegradable, 

and renewable sorbents for high-efficient removal of  Pb2+ 
and  Cd2+ [5].

In recent years, the adsorbents derived from the indus-
trial/agricultural byproducts and the natural products 
with the advantages of high efficiency, low cost, abundant 
reserves, environmental friendliness, and biodegradability 
have attracted considerable attention for the removal of  Pb2+ 
and  Cd2+ ions [6, 7]. Cellulose derivatives are increasingly 
utilized as the sorbents in pollutants control. The native cel-
lulose with poor efficiency of the metal removal is due to 
the shortage of active binding sites. Therefore, modification 
such as oxidation, sulfonation, acetylation, and grafting of 
functional groups can be used to improve the chemical activ-
ity of cellulose for the adsorptive removal of heavy metals 
[8]. Usually, the cellulose modified with some functional 
groups (such as carboxyl [9], amino [10], sulfonic acid [11], 
and sulfhydryl [12] groups) through surface chemical modi-
fication exhibits better efficiency for the metal removal than 
the native cellulose. Based on the rule of coordination chem-
istry, polydentate chelating ligands always exert the stronger 
affinity toward heavy metal ions than most monodentate 
ligands [13]. Thus, it is a good strategy to introduce some 
polydentate chelating ligands on the cellulose for enhanc-
ing the removal efficiency of heavy metals. Gurgel et al. 
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[14] reported a succinylated mercerized cellulose modi-
fied with triethylenetetramine with adsorption capacities of 
87.0 mg  g−1 for  Cd2+ and 192.3 mg  g−1 for  Pb2+. Ge et al. 
[15] reported a composite of cellulose/poly(ethylene imine) 
with adsorptive amount of 248.2 mg  g−1 for  Pb2+ due to 
poly(ethylene imine) with abundant N-donating atoms as 
coordinate sites for effectively capturing heavy metal ions. 
Nongbe et al. [16] reported that the cellulose grafted with 
spermine owned higher adsorption capacities for heavy 
metals than the cellulose grafted with ethylenediamine 
due to spermine with more N-donating atoms. Zhang et al. 
[17] prepared a sorbent through grafting polyethylenimine 
(PEI) onto carboxylated microcrystalline cellulose with the 
high adsorption capacities of 217.3 mg  g−1 for  Cd2+ and 
357.1 mg  g−1 for  Pb2+ due to the sorbent with abundant 
amino and carboxyl groups. Hu et al. [18] prepared a cel-
lulose grafted with EDTA-like groups which can coordi-
nate with heavy metals and alkaline-earth metal and indicate 
good adsorption capacities (such as 80.3 mg  g−1 for  Cu2+ 
and 266.7 mg  g−1 for  Pb2+). The functional groups of the 
reactive cellulose derivatives usually were grafted through 
the direct substitution reaction on the cellulose units [19]. 
The functional groups can also be introduced by the Schiff 
base reaction between dialdehyde cellulose and the com-
pounds containing the primary amine groups [20]. Most 
importantly, the Schiff base polydentate chelating ligand 
exhibits a better complexing ability with metal ions [21], 
and is expected to exhibit unique superiority in removal of 
heavy metals.

In this work, we propose a strategy of promoting the 
adsorptive capacity of heavy metals using the chemical 
grafting of cellulose by amino acetic acid functions through 
Schiff base reaction between dialdehyde cellulose and dieth-
ylenetriamine, and substitution reaction which occurs mainly 
on the amine groups of polyamines with bromoacetic acid. 
Amino and carboxyl groups are grafted onto the cellulose 
skeleton for obtaining the reactive cellulose derivatives mod-
ified with EDTA-like groups (EDTA-CL). The adsorptive 
performances, kinetic, and equilibrium features of  Cd2+ and 
 Pb2+ by the EDTA-CL have been investigated.

Experimental

Chemicals

All the chemicals are of analytical grade and were obtained 
from Sinopharm Chemical Reagent Co., Shanghai, China 
(Table S1). Stock solutions of  Cd2+ or  Pb2+ (1000.0 mg 
 L–1) are prepared by dissolving the appropriate amounts of 
Pb(NO3)2 or  CdCl2 in deionized water. Working solutions 
with the desired concentrations are diluted by stock solu-
tions. The calibration curves of  Cd2+ and  Pb2+ have been 

displayed in Fig. S1. Dialysis bag (12, 000 MWCO, < 5 nm 
pore size) was purchased from Shanghai Yuanjv biological 
Technology Co., Ltd., Shanghai, China.

Preparation

The dialdehyde cellulose is prepared through an oxidation 
reaction of microcrystalline cellulose as reported previously 
and its process is described in Supporting Information. The 
aldehyde content of the dialdehyde cellulose is determined 
by hydroxylamine hydrochloride method [22]. 12 g of the 
dialdehyde cellulose with the content of the aldehyde groups 
of 2.8 mmol  g–1 is obtained for the next step. The diethyl-
enetriamine are grafted onto the dialdehyde cellulose sur-
face though a Schiff base reaction. The dialdehyde cellulose 
(10 g) was dispersed in 200 mL diethylenetriamine solution 
with the molar ratio of aldehyde group to primary amino 
group at 1:1.2 at pH 3 using hydrothermal assisted method 
at 80 ℃ for 2 h. The suspension was transferred into dialy-
sis bag for the removal of excess diethylenetriamine with 
changing the deionized water once every 12 h for 5 days, and 
then freeze-dried to get 9 g of the aminated cellulose. The 
N content of the aminated cellulose (8.2 mmol  g–1) is deter-
mined by Kjeldahl method. 6 g of the aminated cellulose 
is dispersed in 100 mL N,N-dimethylformamide containing 
bromoacetic acid (13.9 g, 100 mmol) and sodium bicarbo-
nate (8.4 g, 100 mmol) and was refluxed for 48 h by heating 
at 80 °C to form the target product. And then the mixture is 
filtered, and then washed with deionized water for several 
times and freeze-dried to obtain the EDTA-like cellulose 
derivatives functionalized with imine and carboxyl groups 
(marked as EDTA-CL). The content of carboxylic groups in 
EDTA-CL is determined by conductometric titration [23].

Batch Experiments

The batch adsorption experiments are performed with a con-
stant dosage of 1 g  L−1 for the sorbents in duplicate. The 
effects of different pH (3.0, 3.5, 4.0, 4.5, 5.0, 5.5, and 6.0), 
and the various contact time (5, 10, 15, 20, 25, 30, 40, 50, 
and 60 min) on the adsorption of  Cd2+ or  Pb2+ ion by the 
EDTA-CL are tested with the initial  Cd2+ or  Pb2+ concentra-
tion of 800 mg  L−1. Effects of initial concentrations of the 
both metal ions from 100 and 1000 mg  L−1 with an interval 
of 100 mg  L−1 are investigated at pH 5 for 30 min at the 
changeable temperature (15, 30 and 45 ℃). After adsorption, 
the mixture is filtered, and then the residual concentrations 
of the both metal ions in the filtrate are determined by flame 
atomic absorption spectrometry (A6300c, Shimadzu Cor-
poration, Japan). The adsorptive amounts of the both metal 
ions are calculated as the Eq.S1 described in Supporting 
Information. The average values of metal concentrations are 
reported with the measurement at least three times.
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Reuse

The same sorbent is used in consecutive adsorption–desorp-
tion for testing the reusability of the EDTA-CL. The 0.2 mol 
 L−1 HCl solution is used as the eluent to desorb the metal 
ions on the loaded sorbents for 60 min as reported previously 
[24]. The regenerative efficiency (RE%) of the regenerative 
EDTA-CL for the adsorptive amounts of the both metal ions 
is also calculated as Eq.S2.

Result and Discussion

Preparation of the EDTA‑CL

As seen in Table S2, the content of N elements in the EDTA-
CL by Kjeldahl method is found to be 8.1 mmol  g–1, which 
is near to the N density of the aminated cellulose, indicat-
ing no loss of N elements during the substitution process. 
The density of carboxyl group in the EDTA-CL is found to 
be 11.5 mmol  g–1. The preparation process of the EDTA-
CL is illustrated in Scheme 1. The aminated cellulose is 
obtained through a Schiff base reaction between diethylen-
etriamine and the dialdehyde cellulose. The target compound 
is synthesized through a substitution reaction between the 
aminated cellulose and bromoacetic acid. Carboxyl substitu-
tion reaction is carried out mainly on the groups, primary 
and secondary amines of the aminated cellulose. These 
functional groups can play a leading role in the adsorptive 
removal of metal ions and coordinate with  Cd2+ or  Pb2+ 
ions to form several five-membered rings which is a stable 
structure for metal complexes [25].

Characterization

There is no change in the crystalline nature for the micro-
crystalline cellulose, dialdehyde cellulose, aminated cellu-
lose, and EDTA-CL (Fig. 1). The diffraction peaks at 15.6°, 
22.6°, and 34.8° are attributed to the (1–10)/(110), (200), 
and (004) crystal faces of cellulose, respectively [26]. The 
intensities for these peaks decrease due to the modification 
of cellulose. The similar phenomenon had been reported 
previously [27]. The dialdehyde cellulose, aminated cellu-
lose, and EDTA-CL remain the characteristic of the fibrous 

structure in Fig. 1. After the oxidation of microcrystalline 
cellulose (Fig. 2a), the dialdehyde cellulose (Fig. 2b) looks 
peeling. The surface morphology of the aminated cellulose 
becomes rough with wrinkles due to the grafted diethylen-
etriamine on the dialdehyde cellulose (Fig. 2c). The EDTA-
CL exhibits the rougher surface than the aminated cellulose 
(Fig. 2d), which is attributed to the substitution of amino 
groups by bromoacetic acid. The change trend in the BET 
surface area proved the results from the SEM (Table S2). 
The BET surface area is very important for the EDTA-CL 
[28, 29]. The BET surface area of the dialdehyde cellulose 
(7.8  m2g−1) decreases slightly compared with microcrystal-
line cellulose (10.1  m2g−1) due to the oxidation of sodium 
metaperiodate as reported previously [30]. The BET surface 
areas of the aminated cellulose (21.6  m2g−1) and EDTA-CL 
(28.8  m2g−1) increase gradually due to the introduction of 
more side chains.

From Fig. 3, for all the cellulose derivatives, the absorp-
tion peaks at 3416  cm−1 (the O–H stretching vibration) [31], 
2905  cm−1 (the C–H stretching vibration), 1634  cm−1 (the 
O–H bending vibration) [32], 1374  cm−1 (the C–H bend-
ing vibration), 1160  cm−1 (the C–O stretching vibration), 
1060  cm−1 (the C–O–C stretching vibration), and 894  cm−1 

Scheme 1  The preparation process of the EDTA-CL

Fig. 1  XRD curves of the microcrystalline cellulose, dialdehyde cel-
lulose, aminated cellulose, and EDTA-CL
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from β-glycosidic linkages between the sugar units are asso-
ciated with the characteristic of backbone [33]. From FT-IR 
spectra of the dialdehyde cellulose, the peak at 1733  cm−1 
is due to the C=O stretching vibration of aldehyde group in 
the dialdehyde cellulose. From FT-IR spectra of the ami-
nated cellulose, the peak at 1733  cm−1 disappears due to 
the grafting of diethylenetriamine on to the dialdehyde cel-
lulose through a Schiff base reaction [34]. These illustrate 
that the diethylenetriamine has been grafted successfully 
onto the dialdehyde cellulose through the Schiff base reac-
tion. From FT-IR spectra of the EDTA-CL, the characteristic 
peak of the C=O stretching vibration from carboxyl groups 
is re-emerged at 1727  cm−1 due to the substitution of bro-
moacetic acid on the amino groups [35]. A slight change in 
the wavenumbers of the C=O stretching vibration from 1733 
to 1727  cm−1 is due to the change of functional groups from 
aldehyde group to carboxyl groups. These indicated that the 
EDTA-CL has been obtained.

Solid-state 13C-NMR spectra of the EDTA-CL are 
indicated in Fig.  4. The three derivatives exhibit the 

Fig. 2  SEM images of the a microcrystalline cellulose, b dialdehyde cellulose, c aminated cellulose, and d EDTA-CL

Fig. 3  IR spectra of the dialdehyde cellulose, aminated cellulose, and 
EDTA-CL
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characteristic peaks of cellulose at 105.5  ppm (C1), 
88.1 ppm (C4), 75.1 ppm (C2, C3, and C5), and 62.8 ppm 
(C6), which are associated with six carbon atoms of the glu-
cose unit of cellulose [36]. A peak at 175 ppm is found due 
to the presence of carbonyl carbons of carboxyl groups in 
the EDTA-CL [37], which is consistent with the previous 
report [38], while the peaks at 61.6 and 42 ppm are due to 
the presence of two kinds of methylene carbon in diethylen-
etriamine and bromoacetic acid. The results of 13C-NMR 
spectra agree well with the results from IR spectra.

pH Effect

Figure 5a depicts the effect of solution pH on the adsorp-
tive amounts of metal ions by the cellulose modified with 

EDTA-like groups (EDTA-CL). The adsorptive amounts 
of the both metal ions strongly depend on the solution 
pH. When solution increased from 3 to 4, a remarkable 
increase in the adsorptive amounts of the  Cd2+ and  Pb2+ 
ions is observed. At low pH, the N-donor atoms of EDTA-
CL are protonated and the carboxylic groups of EDTA-CL 
are almost in an undissociated state [39], resulting in that 
the chelating groups lose their coordination ability with 
metal ions. With increasing pH, the protonation of chelat-
ing groups is weak. Oppositely, the adsorptive amounts 
adsorbed of the both metal ions increase at higher pH. In the 
pH range of 4–6, the adsorptive amounts of the both metal 
ions are kept constant, which is consistent with the same 
trend as reported previously [40]. The high stable adsorp-
tive amounts of the both metal ions in this pH range rule out 

Fig. 4  13C-NMR spectrum of the EDTA-CL

Fig. 5  a Effects of solution pH on the amounts adsorbed for the 
both ions: Concentration of ions = 800  mg  L−1, time = 30  min, vol-
ume of solution = 20.0  mL, dosage of sorbent = 1  g  L−1, tempera-
ture = 30 ℃; b effects of contact time on the adsorptive amounts for 
the both ions: Concentration of metals = 800  mg  L−1, pH = 5, vol-

ume of solution = 20.0  mL, dosage of sorbent = 1  g  L−1, tempera-
ture = 30 ℃; c amounts adsorbed of  Cd2+ and  Pb2+ by the EDTA-CL: 
Time = 30 min, pH = 5, volume of solution = 20.0 mL, dosage of sorb-
ent = 1 g  L−1, temperature = 30 ℃
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the importance of coordination of N, O-donor atoms of the 
EDTA-CL with metal ions, which plays a positive role in the 
enhanced adsorption, while it will be effectively weakened 
in solution by the competition effect of  H+ ions with metal 
ions for the N, O-donor atoms of the EDTA-CL [41]. The 
precipitation of Cd(OH)2 or Pb(OH)2 formation will happen 
easily at pH > 6 [42, 43]. Thus, the operational condition of 
pH is controlled at pH 5.

Effect of Contact Time

Effect of contact time is characterized by an increase in 
the adsorptive amounts of the both metal ions with respect 
to time (Fig. 5b). A remarkable increase in the adsorptive 
amounts of the both metal ions is found within 25 min due to 
lots of available chelating groups with the strong coordina-
tion, and then the steady state of their adsorptive amounts is 
observed after 25 min due to the exhaustion of the available 
chelating groups, illustrating that the EDTA-CL is saturated 
at this level [44]. An optimum contact time of 30 min is 
sufficient for the adsorption of the both metal ions by the 
EDTA-CL for all the experiments.

Effect of Initial Concentrations

Figure 5c exhibits that the adsorptive amounts of the both 
metal ions are significantly dependent on their initial con-
centrations in feed solution. The increase in the initial con-
centrations of  Cd2+ ions in the range of 100−500 mg  L−1 
results in its enhanced adsorptive amounts from 95.7 to 
257.9 mg  g−1, indicating that there are lots of the active 
chelating sites in the EDTA-CL. And then the adsorptive 
amounts of  Cd2+ ions have no significant change with the 
increase of initial concentrations of  Cd2+ ions from 500 
to 1000 mg  L−1, which is probably related to a saturation 
of the chelating sites. Meanwhile, the EDTA-CL toward 
the adsorption of  Pb2+ ions exhibited a similar trend in 
the variation of adsorptive amounts on its initial concen-
trations (Fig. 5c). The maximum adsorptive amounts of 
 Pb2+ and  Cd2+ ions by the EDTA-CL at 30 °C are 438.3 
and 287.2 mg  g−1, respectively, which are higher than or 
comparable to those cellulose-based sorbents reported pre-
viously as indicated in Table 1 [14–17, 43–54]. There is a 
remarkable improvement in the adsorptive amounts through 
the chemical modification of cellulose due to the chelating 
groups on the rise. The same phenomena are reported previ-
ously [16, 17].

Effect of Temperature

There is a mild increase in the adsorptive amounts of  Pb2+ 
and  Cd2+ ions with the increase in temperature from 15 to 
45 ℃ (Fig. 6), which is attributed to the endothermic nature 

of the adsorption of the EDTA-CL for the both ions, illus-
trating that a higher temperature is favorable for the adsorp-
tion of the both ions by the EDTA-CL.

Isotherm

The Freundlich [55], Langmuir [56], Temkin [57] and 
Dubinin–Radushkevich (D–R) [58] isotherms are used to fit 
the adsorptive data. The parameters from the four isotherms 
are described as Eq.S3–S9 in Supporting Information. From 
Table 2, the adsorptive data of the both metal ions by the 
EDTA-CL are fitted satisfactorily with Langmuir model 
with high r2 values (> 0.99), whereas the r2 values of fit-
ting curves using Freundlich, Temkin, and D–R models are 
relatively low. The highest  KF values are obtained for  Pb2+ 
followed by  Cd2+, while all the values of 1/n fall in the range 
of 0–1 and are closer to 1, implying an effective adsorp-
tion with high strength [59]. The E values of metal ions 
from D-R model (16.7 kJ  mol−1 for  Pb2+, 13.1 kJ  mol−1 for 
 Cd2+) are higher than 8 kJ  mol−1, illustrating the chemical 
adsorption of the EDTA-CL for the metal ions. The adsorp-
tive amounts calculated from Langmuir model for  Cd2+ and 
 Pb2+ ions are 302.7 and 444.1 mg  g−1, respectively, which 
have no significant difference with their experimental values. 
Therefore, the Langmuir model better fits the adsorption of 
the both metal ions by the EDTA-CL based on the above 

Table 1  Comparison of the adsorptive amounts of the reported cellu-
lose-based sorbents for the  Cd2+ and  Pb2+

Cellulose-based sorbents Adsorptive 
amounts (mg 
 g−1)

References

Cd2+ Pb2+

Cellulose modified with succinic anhy-
dride

86.0 205.9 [12]

Cellulose/poly(ethylene imine) compos-
ites

– 248.2 [13]

Cellulose paper grafted with polyamines – 131.6 [14]
Amine functionalized cellulose 217.3 357.1 [15]
Carboxymethyl cellulose fiber 150.6 – [38]
Microwave-functionalized cellulose 151.5 295.2 [39]
S-ligand tethered cellulose nanofibers 240.4 96.7 [40]
Cellulose-MnO2 nanocomposite 67.4 290.8 [41]
Succinylated mercerized cellulose 87.0 192.3 [42]
Modified mercerized cellulose 149.0 333.0 [43]
Guanyl-modified cellulose 68.0 52.0 [44]
Welan gum-modified cellulose 83.6 77.0 [45]
Xanthated nano banana cellulose 154.3 – [46]
Tannin-immobilized cellulose fiber 59.5 38.0 [47]
Cellulose nanofiber modified with iron 12.5 81.4 [48]
Cellulose acetate/polyvinylpyrrolidone 34.7 31.0 [49]
EDTA-CL 287.2 438.3 This work
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results. Similar adsorption behaviors are found as reported 
previously [60, 61].

Kinetic

The kinetic data of adsorption of the metal ions are fitted 
using pseudo-first-order model (PFOM) [62], pseudo-sec-
ond-order model (PSOM) [63], Elovich model (EM) [64], 
and intraparticle diffusion model (IPDM) [65]. The linear 
equations of these models are described as Eq.S10–S13 in 
Supporting Information. In Table 3, the PFOM and EM are 
not suitable for the description of the adsorption of the both 
ions by the EDTA-CL due to the low values of r2 obtained 
from fitting curves of PFOM and EM. The values of r2 
derived from fitting curves of PSOM for the both ions are 
close to unity, whereas the calculated values and experimen-
tal values of the both ions by the EDTA-CL are very close 
to each other, illustrating that the PSOM can describe well 
the adsorption of the EDTA-CL for the both ions [66]. These 
results illustrate that the adsorption of both ions onto the 
EDTA-CL is determined by chemisorption [66].

The IPDM was also used to fit the experimental date in 
Table 3; two straight lines are found:  the first sharper line 
is attributed to the external transport, and the another line 
is associated with the gradual transport due to intraparticle 
diffusion. Two lines without passing through the origin sug-
gest that the adsorption could be jointly controlled by the 
external, intraparticle, and boundary layer diffusion [67].

Thermodynamics

The calculated equations of Gibbs free energy change (ΔG0), 
enthalpy change (ΔH0), and entropy change (ΔS0) are calcu-
lated as reported previously [68] and described as Eq. S14 
and S15 in Supporting Information. In Table 4, the values 
of lnb from Langmuir constant increase as the temperature 
increases from 15 to 45 ℃, which leads to the increase in the 

Fig. 6  Influences of temperature 
on the amounts adsorbed of e 
 Cd2+ and f  Pb2+ by the EDTA-
CL: Time = 30 min, pH = 5, 
volume of solution = 20.0 mL, 
dosage of sorbent = 1 g  L−1

Table 2  Isotherms parameters 
for the adsorption of ions by the 
EDTA-CL at 30 ℃

Ions Freundlich Langmuir Temkin D–R

Cd2+ KF = 59.7 L  mg−1 qmax = 302.7 mg  g−1 AT = 1.12 L  mg−1 E = 13.1 mol  kJ−1

n = 3.7 b = 0.037 L  mg−1 bT = 52.6 kJ  mol−1 qs = 513.3 mg  g−1

R2 = 0.9234 R2 = 0.9993 R2 = 0.9753 R2 = 0.9545
Pb2+ KF = 75.2 L  mg−1 qmax = 444.1 mg  g−1 AT = 1.17 L  mg−1 qs = 1117.2 mg  g−1

n = 2.9 b = 0.153 L  mg−1 bT = 31.3 kJ  mol−1 E = 16.7 mol  kJ−1

R2 = 0.9769 R2 = 0.9990 R2 = 0.9358 R2 = 0.9737

Table 3  Kinetic parameters for  Cd2+ and  Pb2+ at 30 ℃

a Unit:  min−1;
b Unit: mg  g−1

c Unit: k g  mg−1  min−1

c Unit: mg·g−1·min−1

e Units of the kp1and kp2: mg·g−1  min−0.5

Ions PFOM PSOM EM IPDM

Cd2+ k1
a = 0.070 k2

c = 1.13 ×  10−3 α d = 955.8 kp1
e = 28.5, 

Cpi1 = 111.2
qe

b = 99.3 qe
b = 277.8 β = 0.027 r2 = 0.9897

kp2
e = 3.32, 

Cpi1 = 236.5
r2 = 0.9509 r2 = 0.9993 r2 = 0.9325 r2 = 0.9456

Pb2+ k1 = 0.099 k2 = 0.91 ×  10−3 α = 2748.7 kp1 = 44.2, 
Cpi1 = 183.4

qe = 146.7 qe = 434.8 β = 0.019 r2 = 0.9877
kp2 = 1.16, 
Cpi1 = 397.0

r2 = 0.9014 r2 = 0.9990 r2 = 0.8934 r2 = 0.9891
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ΔG0 values in the negative direction. These confirm that the 
adsorption of the EDTA-CL for the both ions is more sponta-
neous at higher temperature. The values of ΔH0 and ΔS0 for 
the both ions are positive, illustrating that the adsorption is 
endothermic and the randomness at the solid/solution inter-
face is increased during the adsorption. These result in more 
adsorption at higher temperature.

Reusability

0.2 mol  L−1 HCl is used as the eluents to desorb the both 
ions from the loaded EDTA-CL with stirring for 1 h at room 
temperature and is shown 98.8% of  Pb2+ and 97.9% of  Cd2+ 
desorption. Figure 7 exhibits the adsorptive amounts of  Cd2+ 
and  Pb2+ ions by the regenerated EDTA-CL over five succes-
sive adsorption–desorption cycles. The adsorptive amounts 
of the both ions drop per cycle of reuse. But even it remains 
86.5% for  Cd2+ ions and 83.7% for  Pb2+ ions of the virgin at 
the end of 5th cycle. The EDS mapping of the N elements in 
the regenerated EDTA-CL is exhibited in Fig. S2, indicating 
that the N elements are uniformly dispersed on the surface of 
cellulose. The N contents of the regenerated EDTA-CL are 
found to be in the range of 7.1–7.5 mmol  g–1 (Table S3). A 
decrease in the N contents of the regenerated EDTA-CL with 
the increase of the cycle numbers is observed. Compared 

with the N contents of the virgin (8.1 mmol  g–1), the loss of 
N elements is relatively low [69], which is consistent with 
the change in the values of RE%. These results illustrate 
that the EDTA-CL can be reused for several times without 
significant loss of the adsorptive amounts for the both ions.

Simple Application

An untreated industrial wastewater containing 38.9 mg  L−1 
of  Pb2+ and 15.9 mg  L−1 of  Cd2+ with pH of 4.4 is used to 
test the adsorption efficiencies of the EDTA-CL for both 
ions with a dosage of 1 g  L−1 under stirring. After adsorp-
tion of 30 min, the residual concentrations of  Pb2+ and  Cd2+ 
are found to be 0.7 mg  L−1 and 0.2 mg  L−1, respectively. 
The adsorption efficiencies of  Pb2+ and  Cd2+ by the EDTA-
CL are 98.2% and 98.7%, respectively, illustrating that 
the EDTA-CL can effectively remove the both ions from 
wastewater.

Conclusion

EDTA-CL, an EDTA-like chelating material derived from 
cellulose, is obtained by the chemical grafting of amino ace-
tic acid groups onto the cellulose through the Schiff base and 
substitution reaction. The EDTA-CL shows rapid chelation 
with  Cd2+ and  Pb2+, high adsorptive amounts (302.7 mg  g−1 
for  Cd2+ and 444.1 mg  g−1 for  Pb2+), and good regeneration. 
The adsorptive behavior of the both ions by the EDTA-CL 
follows Langmuir model. The kinetic and thermodynam-
ics fitting results display an endothermic and spontaneous 
chemisorption.
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Table 4  Thermodynamic 
parameters for adsorption of the 
 Cd2+ and  Pb2+ ions

a Unit: kJ  mol−1

b Unit: kJ  mol−1

c Unit: J  mol−1  K−1

Constants Cd2+ Pb2+

15 ℃ 30 ℃ 45 ℃ 15 ℃ 30 ℃ 45 ℃

lnb 7.95 8.32 8.64 9.62 10.36 10.65
ΔGa  − 23.0  − 26.1  − 28.2  − 19.1  − 21.0  − 22.9
ΔHb 26.4 17.5
ΔSc 172.0 126.9

Fig. 7  Regeneration of the EDTA-CL
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