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Abstract Cellulose  derivatives  functionalized
with multidentate N-donor atoms containing two,
three and four amino functional groups (as marked
N,—CL, N;-CL and N,-CL) have been prepared
by grafting of linear aliphatic polyamines into the
cellulose backbone through the Schiff base reaction.
An increase in the adsorptive amounts of Cd** and
Pb** with increasing N-donor atoms of the grafted
polyamines onto the cellulose backbone and the
maximum capacity of N,—CL>N,—CL >N,—-CL are
found. The N,~CL with the highest N content (up
to 5.2 mmol N g!) exhibits the largest adsorptive
capacities of 249.7 mg g~! for Cd** and 401.2 mg g™!
for Pb?*. The adsorption of both the ions by the three
cellulose derivatives is achieved within 30 min, is
independent of pH in the range of 4.5-6 for Cd>*
and 4-6 for Pb**, and can be satisfactorily fitted
by Langmuir and pseudo-second-order equations.
Thermodynamic parameters suggest an endothermic
and endothermic nature.
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Introduction

Water contamination from heavy metals has
become a growing concern worldwide due to the
non-biodegradability, high toxicity, and probable
carcinogen of heavy metals such as Pb>* and Cd** for
a serious threat to the human and eco-environmental
health, even at low concentrations (Nordberg et al.
2007). Adsorption by solid materials is a suitable
method for the removal of heavy metals from water
at low concentrations (Liu et al. 2021). There has
been an increasing need for chemists to develop the
effective sorbents for the removal of heavy metals
from the contaminated water.

Some sorbents derived from natural resources
(such as microbial biomass, mineral, biochar,
industrial wastes, and agricultural byproducts)
have been developed to high-efficiently remove
heavy metals (Joseph et al. 2019; Kaur et al. 2022).
Cellulose, a non-toxic, regenerative, abundant,
environmental-friendly,  easily  available, and
biodegradable superior material, has been attracted
a growing interest as ideal candidate for the removal
of heavy metal ions such as Pb>* and Cd>* in water
(Dhali et al. 2021; Abouzeid et al. 2019). The raw
cellulose exhibits a low adsorption capacity due to
the deficiency of binding groups with heavy metal
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ions (Lian et al. 2020). Some treatments (such as
oxidation, sulfonation, acetylation, silylation, and
adsorption of surfactants) were carried out for
increasing the chemical activity of the cellulose
(Dhali, et al. 2021). Modification is a good way
to solve this problem through introducing some
functional groups (such as hydroxyl (Kundu et al.
2019), carboxyl (Kundu et al. 2019), amino (Zhang
et al. 2017), sulphonic acid (Giilii et al. 2003),
acrylamide (Kumara and Kr. Sharma, 2019), thiourea
(Zhou et al. 2014), amidoxime (Movaghgharnezhad
et al. 2020), and sulfhydryl (Alipour et al. 2020))
in the structure of cellulose by advanced oxidation
or grafting methods (Thakur et al. 2020). Grafting
method as an effective route is used to functionalize
the cellulosic materials for the improvement of
the adsorption performances (Roy er al. 2009).
More functional groups are found in cellulose after
grating, leading to the significant enhancement of
the reactive binding sites for the pollutants in the
grafted cellulose derivatives (Abdel-Halim et al.2012;
O’Connell er al. 2008). Obvious improvement in
the adsorption capacities of heavy metal ions by
the reactive grafted cellulose derivatives can be
observed through the strong coordination of these
functional groups with heavy metal ions compared
with native cellulose (Alipour et al. 2020; Li et al.
2019). What's more, the adsorption capacities
of heavy metal ions by the reactive cellulose
derivatives are related to the grafted density of the
functional groups (Wu et al. 2020). For instance,
polyethylenimine functionalized cellulose with the
amino groups content of 2.61 mmol/g indicated the
high adsorption capacities for Pb** (357.1 mg g!)
and Cd** (217.3 mg g7!) ions (Zhang et al. 2017).
A cellulose modified with triethylenetetramine with
an amino density of 2.3 mmol/g showed a maximum
adsorption capacity of Pb’* (192.3 mg g~!) and
Cd*™ (87.0 mg g~!) ions (Gurgel and Gil 2009). A
tetraethylenepentamine-functionalized cellulose with
primary amine, secondary amine and tertiary amine
exhibited the adsorption capacity of 75.1 mg g~' for
AsO,* ions (Yu et al. 2013). As indicated above,
multi-amino-functionalized  cellulose  derivatives
have high affinity for heavy metal ions due to the
presence of multi-donor atoms as the electrostatic
interaction sites and complexation sites, while,
multi-amine groups as a chelating agent always
exerted stronger affinity towards heavy metal ions
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than most mono-amine groups (Bois et al. 2003;
Aguado et al. 2009). Reactive cellulose derivatives
can be obtained using some modification technique
(such as etherification, oxidation, esterification,
silynation, alkaline treatment, and halogenation)
(Hokkanen et al. 2016). Among them, halogenation
is usually used to introduce the functional groups
into the cellulose through the substitution reaction
between  6-chloro-6-deoxycellulose  and  the
compounds containing the amino groups (O’Connell
et al. 2008). Zhao et al. (2014) reported a cellulose
modified with ethylenediamine through the reaction
of chlorinated cellulose and ethylenediamine as a
solid phase extractant for the detection of Cu?* ions.
The same modification was proposed to prepare the
cellulose modified with ethylenediamine by Torres
et al. (2006) and da Silva Filho et al. (2006) for the
removal of heavy metals. However, the halogenation
is difficult even due to the relatively low reactivity of
cellulose with chloride or bromine, and relies more
on organic solvent which could harm the environment
and human to some extent (Hokkanen et al. 2016;
O’Connell et al. 2008). Another surface modification
through the Schiff base reaction between dialdehyde
cellulose and the compounds containing the primary
amine groups with simple step, high efficiency
and free organic solvent is also used to attach the
functional groups onto the cellulose (Guo et al.
2014; Kobayashi et al. 2014). Adsorption capacities
are attributed to the number of functional groups in
reactive cellulose derivatives. Enhancement of the
number of the functional groups is likely to be a key
issue in the improvement of adsorption capacities.

In order to enhance the adsorption capacities
of heavy metals, in this work, three functionalized
cellulose derivatives with two, three or four
chelating N-donor atoms in the pendant chains are
prepared by introducing linear aliphatic polyamines
(such as ethylenediamine, diethylenetriamine or
triethylenetetramine) into the dialdehyde cellulose
through the Schiff base reaction. These linear
aliphatic polyamines can provide not just a variety
of multiple coordination sites but also the flexible
—CH, —linkers which can allow N-donor atoms
to bend and rotate freely and better comply with
the coordination of metal ions (Hu et al. 2012).
The ability of the three functionalized cellulose
derivatives containing chelating N-donor atoms
on their pendant chains in the removal of the Pb>*
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and Cd*" ions from aqueous solution is tested and
compared.

Experimental
Chemicals

All the chemicals are of analytical grade and were
obtained from Sinopharm Chemical Reagent Co.,
Shanghai, China. Solutions of Cd** or Pb** with the
desired concentrations are prepared by dissolving
the appropriate amount in deionized water. Dialysis
bag (12, 000 MWCO, <5 nm pore size) with 76 mm
in diameter is purchased from Shanghai Yuanjv
biological Technology Co., Ltd., Shanghai, China. All
the chemicals are listed in Table S1. The instruments
for the characterizations are described in Supporting
Information.

Preparation of reactive cellulose derivatives

Microcrystalline cellulose is chemically
oxidized to the dialdehyde cellulose by sodium
metaperiodate, as described by Shen et al. (2015).
The dialdehyde cellulose obtained has been purified
by dialysis method to remove the excessive sodium
metaperiodate, and then freeze-dried for use in next
step. The aldehyde content of aldehyde cellulose
was determined by the hydroxylamine hydrochloride
method (Kim et al. 2004). The preparation process
of dialdehyde cellulose and the determination of
aldehyde groups are described in detail in Supporting
Information.

The reactive cellulose derivatives are obtained by
dispersing the dialdehyde cellulose into the solution
polyamines (ethylenediamine, diethylenetriamine or
triethylenetetramine) at pH 3 with the various molar
ratio of aldehyde groups to primary amine groups
(1:0.55, 1:1.1 and 1:2.2) using hydrothermal method
under 90 °C for 2 h. The target product is separated
by dialysis with changing the water once every 12 h
for 5 days, and freeze-dried to get the powder of the
reactive cellulose derivatives. The contents of the
amino groups in the reactive cellulose derivatives are
determinated by Kjeldahl method.

Adsorption studies

Batch adsorptive experiments were performed by
adding a specific amount of sorbent into the metal
solutions with known concentration in duplicate.
20 mg of reactive cellulose derivatives is added
to 20 mL of Cd*" or Pb*" solution with a known
concentration from 100 to 1000 mg L~! with an
interval of 100 mg L™, at the pH in the range of 3—6
with an interval of 0.5 and at the temperature of 15,
30 or 45 °C during the pre-specified contact time from
10 to 60 min with an interval of 10 min. The initial
solution pH is adjusted using a 0.005 mol L~! of HCI
solution. After adsorption, the suspension is filtered,
and the residual concentration of both metal ions in
the filtrate was determined by flame atomic absorption
spectrometry  (A6300c, Shimadzu Corporation,
Japan). The amounts adsorbed are calculated as the
Eq.S1 described in Supporting Information. The
average values of metal concentrations are obtained
by repeating the measurement for three times.

Desorption studies

100 mg of the loaded N,—CL was regenerated using
50 mL of 0.2 mol L' HCI solution as the eluent with
stirring for 3 h (Ding et al. 2016). The regenerated
N4—CL was filtrated, washed, and dried for the next
cycle. The cycle was repeated four times.

Result and discussion
Optimization of preparation conditions

The aldehyde content of the dialdehyde cellulose
is found to be 1.85 mmol g~! using hydroxylamine
hydrochloride method. The N content in the cellulose
derivatives is determined by Kjeldahl method and
element analysis. Diethylenetriamine is used as an
example to illustrate the effect of the raw material
ratios on the N content of the cellulose derivatives.
The molar ratios of aldehyde groups in the
dialdehyde cellulose to primary amino groups in the
diethylenetriamine are set at 1:0.5, 1:1 and 1:2. The
N contents in the cellulose derivative are illustrated in
Table S2. At the molar ratios of 1:0.5, the N contents
of the cellulose derivative by Kjeldahl method
and element analysis are 2.76 and 2.57 mmol g7},
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respectively. At the molar ratios of 1:1, the N contents
of the cellulose derivative by Kjeldahl method
and element analysis are 4.44 and 4.37 mmol g,
respectively. At the molar ratios of 1:2, the N contents
of the cellulose derivative by the two methods are
4.31 and 4.39 mmol g!, respectively. These results
indicate that the optimal raw material ratio is 1:1.
The low density of N atoms at the molar ratios of
1:0.5 is due to the Schiff base reaction between
aldehyde groups and two primary amino groups of
diethylenetriamine. The high density of N atoms at
the molar ratios of 1:1 and 1:2 is attributed to the
adequate suppl of primary amine, leading to that only
one primary amino group in diethylenetriamine reacts
with aldehyde group in the dialdehyde cellulose as
illustrated in Scheme S1. These N-donor atoms can
play a leading role in the adsorptive removal of Pb**
and Cd** ions.

Fig.1 SEM images of a
the dialdehyde cellulose,
b the N,-CL, ¢ the N;-CL,
and d the N,-CL
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Characterization

The fibrous nature of all the cellulose derivatives is
remained in Fig. 1. It can be observed that the surface
morphology of the dialdehyde cellulose by scanning
electron microscope (SEM) looks smooth (Fig. 1a),

Table 1 The results of N contents and BET surface areas of
the cellulose derivatives

Cellulose-based sorbents N Contents (mmol BET surface

LY area (m? g_l)

Element Kjeldahl
analysis method

Microcrystalline cellulose  ND ND 18.7
Dialdehyde cellulose ND ND 10.9
N,—CL 3.82 3.78 239
N;—CL 4.43 437 24.5
N,-CL 5.19 5.21 259

N I
I5.OOum
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whereas the three reactive cellulose derivatives
exhibit rougher surface with wrinkles due to the
grafting of polyamines (Fig. 1b—d). Compared with
the dialdehyde cellulose, a slight increase in surface
rugosity can be observed, while, the similar trend in
the change of surface area in Table 1. The oxidation
of sodium metaperiodate leads to a decrease in the
surface area (Yu et al. 2021), whereas the introduction
of polyamines onto the dialdehyde cellulose increases
slightly the surface area in favor of the adsorption
of heavy metal ions. EDS mapping images further
confirm the presence of N element on three reactive
cellulose derivatives after grating of polyamines
through Schiff base reaction (Figure S1). In Table 1,
the contents of N element in the three cellulose
derivatives using the Kjeldahl method are determined
to be 3.82 mmol g~! for N,-CL, 4.43 mmol g~! for
N,—CL and 5.19 mmol g ! for N,—CL, respectively.
While, the contents of N element (3.78 mmol g™! for
N,—CL, 4.37 mmol g‘1 for N;—CL and 5.21 mmol g‘l
for N,—~CL) are also measured by element analysis.
There is no significant difference of the contents of N
atoms in the three cellulose derivatives using the two
measurement methods. The contents of N element
in the three cellulose derivatives are directly related
with the number of amine groups in the polyamines,
indicating that the N,—CL can give the more N-donor
atoms for binding the metals.

The X-ray diffraction (XRD) patterns of the
microcrystalline cellulose and the three reactive
cellulose derivatives are illustrated in Fig. 2. The
diffraction peaks at 15.6°, 22.6° and 34.8° are
attributed to the (1-10)/(101), (200) and (004) crystal
faces of cellulose, respectively (French 2014). Peak
intensity of the three reactive cellulose derivatives

decreases due to the modification compared with
microcrystalline cellulose and no change in the
crystalline form for all the cellulose derivatives is
observed.

Fourier transmission infrared (FT-IR) spectra
of all the cellulose derivatives exhibit typical
absorption bands of the cellulose backbone as
indicated in Fig. 2b (Zhou et al. 2014). The broad
band at 3450 cm~! is ascribed to the presence
of the O-H stretching vibration of —OH groups.
The band at 2920 cm™! is attributed to the C-H
stretching vibration of —CH, groups. The bands
in the region 1158 and 1112 cm™! is due to the
C-O stretching vibration of C-OH and C-O-C
groups. The broad band observed at 1031 cm™!
is attributed to the C—O-C stretching vibration
from ether linkage, while the peak at 898 cm™!
is due to P—glycosidic linkages of glucose ring of
cellulose. The reactive cellulose derivatives own the
same characteristic absorption bands in the region
3100-3200 due to the N-H stretching vibrations
from the presence of amino groups. The absorption
band at 1422 cm™' is due to the N-H bending
vibrations of secondary amine groups, while, the
absorption band at 1386 cm™! is ascribed to the
N-H bending vibrations of primary amine groups
(Movaghgharnezhad et al. 2020). The absorption
band at 1065 cm™! is due to the C-N stretching
vibration (Movaghgharnezhad et al. 2020). These
illustrate that the polyamines have been grafted
successfully onto the dialdehyde cellulose through
Schiff base reaction.

In Fig. 3, the characteristic peaks of six carbon
atoms of the glucose unit in cellulose for C1 at
104 ppm, C4 at 88 ppm, C2, C3, and C5 at 74 ppm,

Fig. 2 a XRD of the
three cellulose derivatives
and native cellulose; b

IR spectra of the three
cellulose derivatives
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Fig. 3 Solid state CNMR spectra of the N,-CL, N5-CL, and N,-CL

and C6 at 65 ppm can be observed by 13C nuclear
magnetic resonance (CNMR) spectra in the solid
state for all the cellulose derivatives (Kono et al.
2002). The signal at 175 ppm is assignable to
carbonyl carbons of dialdehyde groups in the
dialdehyde cellulose in Figure S2 (Varma et al.
1997), and then this peak disappears in Fig. 3
after the polyamines are grafted onto dialdehyde
cellulose through the Schiff base reaction. A new
signal is observed at 61.6 ppm which is due to the
methylene carbon in polyamines (da Silva Filho
et al. 20006). These results from the CNMR spectra
are consistent with the FT-IR results.
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Influence of pH

The influence of solution pH on the amounts
adsorbed of the both metal ions by the three reactive
cellulose derivatives is indicated in Fig. 4a. the
amounts adsorbed of the both metal ions by the three
reactive cellulose derivatives are affected strongly
by the initial pH of solution. When the solution pH
goes up from 3 to 4, a 1- to 2.5-fold increase in the
amounts adsorbed of both metal ions are found,
respectively, which is attributed to the electrostatic
repulsion between metal cations and the protonated
surface of the three reactive cellulose derivatives (Liu
et al. 2019). Whereas, the amounts adsorbed of both
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Fig.4 a Influences of pH on the amounts adsorbed
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L, temperature=30 °C; b Influences of contact time
on the amounts adsorbed of both the ions by the three
cellulose derivatives: Concentration of metals=500 mg

metal ions by the three reactive cellulose derivatives
are independent of pH in the range of 4.5-6 for Cd**
ions and 4-6 for Pb>* ions because weak acidity
conditions make the coordination of N-donor atoms
with both metal ions easily. These phenomena
indicate that the acid effect of H* ions play a
significant role in the holding of both metal ions from
the aqueous solution and can effectively weaken the
coordination alibility of N-donor atoms with both
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L, pH=5, volume of solution=20.0 mL, dosage of
sorbent=1 g L', temperature=30 °C; and the adsorptive
amounts of (¢) Cd>* and (d) Pb>* ions by the three cellulose
derivatives and native cellulose: Time=30 min, pH=5,
volume of solution=20.0 mL, dosage of sorbent=1 g L,
temperature =30 °C

metal ions. The current results agree well with the
previous reports (Wang et al. 2019). In addition, the
amounts adsorbed of the both metal ions follow the
order N,—CL > N,;—CL > N,—CL. The precipitation of
both metal ions will be formed at pH> 6. Therefore,
all the experiments are carried out at pH 5.
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Influence of contact time

To assess the influences of contact time on the
amounts adsorbed of both metal ions, the experiments
with various contact time were carried out. In
Fig. 4b, the amounts adsorbed of both metal ions
by the three reactive cellulose derivatives rise
abruptly in the inception period, which is attributed
to the adequate available N-donor atoms in the three
reactive cellulose derivatives. After 30 min, the
amounts adsorbed of both metal ions by the three
reactive cellulose derivatives retain steady state due
to the exhaustion of the available N-donor atoms.
Therefore, operational condition of 40 min is enough
for all the trials.

Influence of initial concentrations

The dependence of the amounts adsorbed of
the both metal ions on their different initial
concentrations with a constant dose of 1 g L7 is
illustrated in Fig. 4c and d. A gradual increase in
the amounts adsorbed of Cd** ions by the three
reactive cellulose derivatives occurs when the
initial concentrations of Cd>* go up to 300 mg L7},
demonstrating the unsaturation of the adsorbed

amounts (Fig. 4c). The adsorption of Pb** ions
by the three reactive cellulose derivatives is in
line with changes in the similar trend with the
adsorption of Cd>* ions (Fig. 4d). There is an
insignificant change in the amounts adsorbed of
Cd** ions by the three reactive cellulose derivatives
with increasing the concentrations of Cd** ions
from 300 to 600 mg L~!, indicating that the three
reactive cellulose derivatives for the adsorption of
Cd>* ions have been saturated with the amounts
adsorbed of 209.5 mg g~! for N,—CL, 234.6 mg g~!
for N;-CL and 249.7 mg g!' for N,~CL
maintaining the order of N,—CL > N,—CL > N,—CL.
The saturation stage of the Pb** adsorption is also
entirely independent of the initial concentrations
of Pb?* ions from 400 to 600 mg L~'. The
amounts adsorbed of the N,-CL, N;—CL, and
N,—CL for Pb** ions are found to be 344.8 mg g™,
3772 mg g! and 4012 mg g~!, respectively,
following the same order with the adsorption of
Cd** ions. For a comparison, the microcrystalline
cellulose unmodified for the adsorption of the
both metal ions are also given in Fig. 4c and d.
The amounts adsorbed of Cd** and Pb** ions by
the microcrystalline cellulose unmodified are 3.1
and 4.8 mg g~!, respectively. Grafting the various

Table 2 Comparison of the
adsorption capacities of the

Cellulose-based sorbents

Capacity (mg g7 References

reported cellulose-based Cd** Pb>*

sorbents for the Cd** and

Pb2* ions S-ligand tethered cellulose nanofibers 240.4 96.7 Abu-Danso et al. (2018)
Cellulose -MnO, nanocomposite 67.4 290.8 Fu & Xie (2019)

Cellulose/poly(ethylene imine) composites -
Cellulose modified with succinic anhydride 86.0 205.9
Succinylated mercerized cellulose
Modified mercerized cellulose

Guanyl-modified cellulose

Welan gum-modified cellulose
Cellulose paper grafted with polyamines

248.2 Ge et al. (2016)
Gurgel et al. (2008)

87.0 192.3 Gurgel & Gil (2009)
149.0 333.0 Janior et al. (2009)
68.0 520 Kenawy et al. (2018)
83.6 717.0 Liu et al. (2014)

- 131.6 Nongbe et al. (2018)
154.3 -

Xanthated nano banana cellulose Pillai et al. (2013)
Microwave-functionalized cellulose 151.5 295.2 Qu et al. (2020)
Tannin-immobilized cellulose fiber 59.5 38.0 Taksitta et al. (2020)
Carboxymethyl cellulose fiber 150.6 - Wei et al. (2015)
Cellulose acetate/polyvinylpyrrolidone 34.7 31.0 Xiang et al. (2013)
Amine functionalized cellulose 217.3 357.1 Zhang et al. (2017)
N,—CL 209.5 344.8 This work

N;-CL 234.6 377.2 This work

N,—CL 249.7 401.2 This work
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polyamines on microcrystalline cellulose can
evidently enhance the removal capability of both
metal ions in varying degrees, and then results in
an 80-fold increase in the amounts adsorbed of
Cd** and Pb>* ions, inferring that the binding sites
of the three reactive cellulose derivatives for metal
ions are originated from the grafted polyamines on
the microcrystalline cellulose. Hence, the removal
of microcrystalline cellulose for both metal ions is
promoted by grafting the polyamines. Among them,
the N,—CL exhibits the highest amounts adsorbed
for Cd>* and Pb** ions, which is comparable to
that of amino-functionalization cellulose, and much
more than the amounts adsorbed of other cellulose-
based sorbents reported previously (Table 2) due to
the high density of grating for the N-donor atoms.
These results indicate that the N,~CL with more
excellent chelating groups can serve as a good
substitute for the removal of metal ions.

Isotherm

Adsorption isotherms of the both metal ions by the
three reactive cellulose derivatives were correlated
with the Langmuir (Langmuir 1918), Freundlich
(Freundlich 1906) or Dubinin—Radushkevich (D-R)
(Dubinin & Radushkevich 1947) model. The linear

equations of Langmuir and Freundlich models are
described in Supporting Information. Take the N,—CL
for example (Table 3), the results do not fit well with
Fruendlich model (r2>0.718), while, the adsorptive
data of the N,—CL for both metal ions are found to be
well represented by Langmuir model (r* > 0.998). The
n values from Fruendlich mode are higher than 1.0,
indicating the favorable adsorption of Cd** and Pb**
ions by the N,—CL (Sun et al. 2011). The theoretical
amounts adsorbed of Cd>* and Pb*' ions by the
N,—CL at 30 °C from Langmuir model are calculated
to be 269.8 and 429.2 mg g~!, which are consistent
with their experimental values (249.7 mg g~!' for
Cd?* and 401.2 mg g~! for Pb**). The similar fitting
results have been obtained by the N,—CL (Table S3)
and N,;—CL (Table S4). The relatively low R? values
in the range of 0.778-0.979 from D-R isotherm are
obtained. A large gap in the adsorptive capacities
between the values from D-R isotherm and the values
from experiment is observed. The E values ranged
from 12.0 to 13.1 kJ mol™' reveal the characteristics
of chemisorption for both the ions (Saleh 2018).
These illustrate that the Langmuir isotherm more
suited to describe the adsorption of Cd>* and Pb**
ions by the three reactive cellulose derivatives.
Furthermore, the results show that the values of b
and q,,,, for the three reactive cellulose derivatives

Table 3 Isotherms

Ions Temperature Freundlich Langmuir D-R
parameters for the

adsorption of both the ions caxt 15 °C Kp=24.1L mg"™" Gy =261.8 mg g E=13.1 mol KJ~!
by the N,~CL n=5.8 b=0.126 L mg~! g,=123.7mg ¢!

R?=0.905 R*=0.999 R*=0.937
30 °C Kp=25.0L mg™! G =269.8 mg g~ ! E=12.9 mol kJ™!
n=5.34 b=0.156 L mg™! g,=137.9 mg ¢!

R*=0.935 R*=0.999 R?>=0.969
45°C Kp=24.1L mg™! G =270.6 mg g~ E=12.5mol kI!
n=5.01 b=0.171 L mg™! g,=147.9 mg ¢!

R?=0.964 R*=0.998 R*=0.979
15°C Ke=64.9 L mg™! G =423.7 mg g7 q,=945.5mg ¢!
n=3.07 b=0.101 L mg™! E=12.0 mol kJ™!

R*=0.844 R*=0.999 R’*=0.891
Pb** 30°C Ke=76.0L mg™! G =429.2 mg g~ q,=962.8 mg g~
n=3.23 b=0.161 L mg™! E=12.4mol kJ!

R?*=0.813 R?=0.999 R?>=0.865
45°C Kp=722L mg™! G =432.3 mg g~ q,=973.9 mg g~
n=3.14 b=0.236 L mg™! E=12.5mol kJ™!

R*=0.718 R*=0.999 R*=0.778
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Table 4 Calculated kinetic

Tons PDOKM PSOKM
parameters for the Cd** and ons
24+ o
Pb™* ions at 30 °C N,~CL cd** k,=0.065 min™" ky=0.54x107> g mg™! min™"!
Gegca)=131.7mg g™ Geq (cal)=238.1 mg g™
R*=0.908 R*=0.996
Pb>* k;=0.094 min~! k,=0.50x10~% g mg~! min~!
Geg(cal)=197.7 mg g™ Geq (cal) =384.6 mg g™
R*=0.876 R*=0.996
N,-CL Ccda** k;=0.061 min~"! k,=0.45x107% g mg~! min~!
Geg(cal)=152.4 mg g™ Geq (cal) =263.2 mg g™
R*>=0.887 R*=0.993
Pb>* k;=0.088 min~! k,=0.42x107% g mg~! min~!
Geg(cal) =2422 mg g™ Geq (cal)=416.7 mg g™
R*=0.873 R*=0.997
N,~CL Cd** k;=0.067 min~! k,=0.39%x107% g mg~! min~"!
Geg(cal)=178.0 mg g™ Geq (cal)=285.7 mg g~
R*>=0.908 R*>=0.991
Pb>* k,=0.094 min~! k,=0.29%107% g mg™! min~!
Geq(cal)=343.6 mg g~ Geq (cal)=454.5 mg g~
R*=0.892 R*=0.991

are in following order: N,—CL>N,-CL>N,-CL,
indicating that the N,~CL in relation to the N,—CL
and N;—CL maintained the higher amounts adsorbed
and stability constant for the adsorption of Cd** and
Pb** ions.

Kinetic

The experimental data are fitted using pseudo-first-
order kinetic model (PDOKM) (Lagergren 1898)
and pseudo-second-order kinetic model (PSOKM)
(Ho and McKay 1999). The linear equations of two
models are described in Supporting Information. In
Table 4, it is clear to see that the kinetic adsorption
data of Cd** and Pb’* ions by the three reactive
cellulose derivatives are appreciable closer to the
PSOKM with the high values of 7> (>0.990) than
PDOKM with relatively low values of 7> in the
range of 0.873—-0.908, suggesting that the adsorption
of both metal ions by the three reactive cellulose
derivatives not follow the PDOKM. The computed
values of the amounts adsorbed of the three reactive
cellulose derivatives for the both metal ions from the
PSOKM are very close to their experimental values.
These reflect that the adsorption of both metal ions
by the three reactive cellulose derivatives belongs to
the PSOKM. The similar trends in the order of g,

@ Springer

values for the three reactive cellulose derivatives
(N,—CL>N;—CL > N,—CL) are also observed. These
values of N,—CL are significantly higher than those
of N;-CL and N,—CL under the same conditions,
illustrating that the N,—CL exhibits significantly
better capability of metal removal.

Thermodynamics

The calculated equations of Gibbs free energy
change (AG"), enthalpy change (AH") and entropy
change (AS%) are calculated as described by Liu
(Liu 2009) and listed in Supporting Information. In
Table 5, for both metal ions, the negative values of
AG® gradually decreased with the temperature on
the rise, demonstrating that the adsorption of both
metal ions by the three reactive cellulose derivatives
is more spontaneous at higher temperature. This is
can be inferred from the variation of Inb value with
increasing temperature. Linear plots of Inb vs. 1/T are
fitted to calculated the values of AH and AS° (Figure
S3). The positive values of AH® for both metal ions
illustrate that adsorption of both metal ions by the
three reactive cellulose derivatives is endothermic
and favorable at higher temperature. The positive
values of AS® for both metal ions demonstrate an
increase in randomness during the adsorption.
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Table 5 Thermodynamic Cellulose Constants Cd** ions Pb** ions
parameters for adsorption of
the Cd** and Pb>* ions 15°C 30 °C 45 °C 15°C 30 °C 45 °C
N,-CL Inb 8.86 9.03 9.20 9.42 9.58 9.67
AG®? —-21.2 —-22.8 —-243 —-22.6 —-24.2 —-25.6
AH°? 8.6 6.6
AS°° 5 103 100.9
Inb 9.23 9.47 9.54 9.37 9.61 9.78
N;—CL AG° -22.1 -239 -25.2 -225 —-24.2 -25.9
AH° 7.9 10.4
AS° 104.4 114.2
Inb 9.56 9.77 9.87 9.97 10.41 10.80
N,~CL AG° -229 —24.6 —26.1 -239 —26.2 —28.6
AH° 7.9 21.0
2Unit kI mol™", *Unit kJ AS° 107.1 155.9
mol™!, *Unit T mol™! K~!

400 T (Table S5), illustrating the decrease in adsorptive
= amounts due to part loss of N—donor for chelating
&0 - metals.
= 300 r
=
3
E .

S 200 | Conclusion
Z
&
2 Results exhibit that the immobilization of linear
< 100 f aliphatic polyamines onto the cellulose backbone
is successful in forming the high-efficient sorbents
0 with high adsorptive amounts for the enhanced
1 2 3 4 removal of Cd*" and Pb** ions from water. It can
Cycles

Fig. 5 Regeneration of the N,—CL

Regeneration of the N,~CL

Four consecutive cycles of adsorption—desorption
are exhibited in Fig. 5. The adsorptive amounts
of the N,—CL drop down to 200.5 mg g~ ! for Cd**
and 347.9 mg g~! for Pb’" in the first cycle. The
adsorptive amounts of both the ions decrease with
increasing cycle numbers. The adsorptive amounts
of Cd** (180.6 mg g~!) and Pb** (325.5 mg g7!) are
found after 4 cycles, illustrating that the N,—CL has
good reusability. There are no notable changes in
the SEM images after metal adsorption (Figure S4),
whereas a drop in the N contents of the regenerated
N,~CL with increasing cycle numbers is found

be inferred that the binding sites of the N,—CL,
N;—CL and N,—CL are provided by the multidentate
N-donor atoms from the linear aliphatic polyamines
which have ability to adsorb Cd** and Pb** ions
from water, and hence the adsorptive amounts of
both the ions by the N,—CL, N;—-CL and N,—CL
are significantly enhanced by the introduction of
the linear aliphatic polyamines. Among the three
cellulose derivatives, the N,~CL contains more
N-donor atoms and exhibits higher adsorptive
amounts for both the ions. The adsorption of both
the ions by the N,-CL, N;—CL and N,—CL is
thermodynamically feasible and spontaneous. These
suggest that cellulose derivatives functionalized
with multidentate N-donor atoms can be used as
potential sorbents for the enhanced removal of
metals from water.
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