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In this paper, crosslinked cellulose/sodium alginate (SA) was modified with polyethyleneimine (PEI) as an
adsorbent (PEI-RCSA) for comparative and competitive adsorption of Cu(n), Zn(i), and Pb(i) in single and
binary aqueous solutions. FTIR, SEM, TGA and specific surface area analysis were used to characterize
the structural characteristics of PEI-RCSA. The effects of initial pH of solutions, contact time and initial
concentration of heavy metal ions on the adsorption capacity of PEI-RCSA were investigated. The
experimental results revealed that the removal of metal ions on the PEI-RCSA was a pH-dependent
process with the maximum adsorption capacity at the initial solution pH of 5-6. The adsorption kinetics
were followed by a pseudo-second-order kinetics model, and the diffusion properties played
a significant role in the control of the adsorption kinetics. Meanwhile, adsorption isotherms were
successfully described by the Langmuir model in a single aqueous solution system. The maximum
adsorption capacities of PEI-RCSA for Cu(i), Zn(i), and Pb(i) in a single system were 177.1, 110.2 and
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1. Introduction

Along with the rapid growth of urbanization and industrial-
ization, heavy metal ions discharging into the environment
may have a drastic impact on ecosystems and human health
due to their toxicities, bioaccumulation in the food chain and
nature of non-biodegradability.* Lead(u), copper(u), and
zinc(u) are three common types of heavy metal ions that have
been found in industrial wastewater,* including discharges
from metal plating, metal melting, mining activities and
battery manufacturing. As heavy metal ions are non-
biodegradable, clean-up of contaminated water is rather
challenging. To date, various technologies have been devel-
oped to sequestrate heavy metal ions from wastewater, such
as chemical precipitation,® solvent extraction, chelating and
ion exchange,® adsorption,” membrane separation®’ and
electrochemical methods. However, most of these methods
could not be used in full-scale applications due to their high
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The
adsorption—desorption experimental cycles were conducted. All the above results indicated that PEI-
RCSA has promising applications in the treatment of toxic metal pollution.

removal efficiencies didn't change significantly when three

operation cost or potential secondary pollution.* Among
them, adsorption is the most effective and technically
feasible method for metal removal from aqueous solu-
tions."** A variety of adsorbing materials, such as activated
carbon (in granular or powder)," different types of clays,** fly
ash,® activated sludge, inorganic-organic nano-
composite,'” carbon nanotube,® graphite oxide," cellulose,*
chitosan and the chelating fibers****> are widely used as
adsorbents in the treatment of contaminated water by heavy
metal ions. Among these adsorbing materials, the adsorbent
prepared from natural polymer and biopolymer can simul-
taneously face economic, technical and environmental limi-
tations have attracted more interest from the researchers.
Cellulose and sodium alginate (SA) are both natural
polymers and can be characterized by rich sources, excellent
biodegradability, biocompatibility and environment friend-
liness.”>** It is well known that cellulose has numerous
hydroxyl groups (-OH) on the molecular chain, however,
unmodified cellulose has a low heavy metal adsorption
capacity as well as variable physical stability. As a result,
several chemical and physical modifications of cellulose were
carried out to investigate the structural strength and efficient
adsorption capacity for heavy metal ions.>*?® SA, a natural
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anionic polysaccharide extracted from brown seaweeds,
mainly comprises B-p-mannuronate (M) and a-i-guluronate (G),
and both structural units contain carboxyl groups (-COO™).>” The
carboxylic groups can bind metal cations through ionic interac-
tions: this mechanism can be used for the ionotropic gelation of
SA in the form of metal-alginate (using mainly divalent cations,
Ca(u), Ba(n), etc.) for preparing gel beads. In the past few decades,
researchers have reported that SA can effectively eliminate heavy
metal ions (e.g. Pb(u), Cu(u), and Cd(u)) in aqueous solutions.?®
However, SA gel beads with a loose network are limited by the
poor stability,> weak water resistance, and serious thermal
degradation.* Due to these disadvantages of cellulose and SA as
a single material used to adsorb heavy metal ions in wastewater,
we have an interesting idea to combine these two renewable
polyelectrolytes as scaffolds to prepare metal adsorbents with
high adsorption capacity and chemical stability. Then, it can be
more efficient to graft on the biopolymer backbone new reactive
groups that will bring additional reactivity or selectivity: these
new reactive groups may increase adsorption capacity, extend the
pH range where the adsorbent can bind metal ions, and also
change the adsorption mechanism.

Polyethyleneimine (PEI) is well known for its metal-
chelation abilities due to the presence of a large number of
amine groups on its macromolecular chain.**-** However, PEI
is well soluble in water and it has to be fixated onto insoluble
supports like carbon,*® silica,’” polymers,***® biomass,***!
cellulose, etc. to prevent its dissolving during operation in
contaminated water.

In this work, we used cellulose and sodium alginate (SA) to
obtain a double-network frame, and then functionalized with
polyethyleneimine (PEI) through the glutaraldehyde-
crosslinking to obtain the composite adsorbent (PEI-RCSA),
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which possesses high adsorption capacity for heavy metal
ions (Cu(u), Zn(u), and Pb(u)) and good chemical stability.
The structure and morphology of PEI-RCSA before and after
adsorption were characterized with Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM) and compared. The kinetics and isotherms of
adsorption were detailedly investigated and the mechanism
of PEI-RCSA for the removal of heavy metal ions from
aqueous solutions was also discussed.

2. Experimental

2.1. Materials and reagents

Native cellulose (cotton linter, a-cellulose =95%) was obtained
from Hubei Chemical Fiber Co., Ltd. (Xiangfan, Hubei, China).
Its viscosity-average molecular weight (M) was determined to
be 1.07 x 10° by viscometry in cadoxen at 25 °C, according to
the Mark-Houwink equation. A branched polyethyleneimine
(PEI, average M,, of 70 000) in 30% (w/v) aqueous solution was
purchased from Macklin Biochemical Co., Ltd. (Shanghali,
China). Copper(u) nitrate [Cu(NOj;),-3H,0], lead(u) nitrate
[Pb(NO3),], and zinc(u) nitrate [Zn(NO3),-6H,0]
purchased from Damao Chemical Reagent Factory, Tianjin,
China. Sodium alginate (SA), sodium hydrates (NaOH), urea,
sodium ethylenediaminetetraacetic (Na,EDTA), glutaralde-
hyde (GA, 25 wt% solution in water), paraffin oil, Span 80 and
other reagents with analytical grade were supplied by Kelong
Chemical Reagent Factory (Chengdu, China), and used
without further purifications. Deionized water was utilized
throughout the experiment.

were

? OH
CH—{=CHy ¢
HO ﬁ/N,VNH, < ;:"é 5
INRPNENI RPN
HZN/\’n‘) - < /‘
H > HO [ oH
» CH—{=CHo—jr-Ch
'y HO |
w
No .
A —OH » —COONa - Hydrogen bond o7 o0

Double-network

frame Cellulose chain

Sodium alginate chain

Scheme 1 Schematic illustration of synthesis routes and images of PEI-RCSA (possible reaction among cellulose, sodium alginate, glutaral-

dehyde, and PEI).
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2.2. Preparation of adsorbents and characterization

The target composite adsorbents were prepared through
a water-in-oil system (see ESIf). Scheme 1 illustrated the
synthesis routes, images of PEI-RCSA and possible reaction
among cellulose, sodium alginate, glutaraldehyde, and PEI.

FTIR spectra of PEI-RCSA (before and after Cu(u), Zn(u)
and Pb(u) loading, respectively), native cellulose, SA, and PEI
were obtained with a Nicolet iS50 FT-IR spectrometer
(Thermo Nicolet, USA) using the KBr compression technique.
Each spectrum was acquired in transmittance mode by the
accumulation of 32 scans through resolutions of 4 cm™" and
the wavenumber was ranged from 600 to 4000 cm™'. Thermo
gravimetric analysis (TGA) was carried out under a nitrogen
atmosphere flowing (20 mL min~') at a heating rate
10 °C min~" using a Netzsch, TG 209 F3 (Germany). The
surface morphologies of the raw materials, the obtained
adsorbents (PEI-RCSA) before and after the adsorption of
heavy metal ions and the samples RC were all visualized
using scanning electron microscope (S-3400N, Hitachi,
Japan). Meanwhile, EDS characterization of the prepared
adsorbent surfaces after the adsorption of Cu(u) was further
analyzed using the same S-3400N SEM under an electron
beam acceleration voltage of 25.0 kV. The Brunauer-Emmett-
Teller (BET) surface area analyzer (TriStar II 3020, Micro-
meritics Instrument Corporation, USA) was used to deter-
mine the specific surface area of PEI-RCSA. Digitized
photographs of the products before and after the adsorption
of heavy metal ions were taken by a digital camera.

2.3. Adsorption experiments

2.3.1. Effect of pH on adsorption. The effect of pH on the
removal of Cu(u), Zn(i1) or Pb(u) was performed by mixing 1 g
L' of the as-prepared adsorbent with 50.0 mL of 200 mg L ™"
metal solution with the pH range from 2.0 to 6.0 in a 150 mL
Erlenmeyer flask. The pH value of the solution was measured
by a pH meter (PHS-25, INESA, China). These samples were
shaken in a thermostatic shaker at 130 rpm for 8 h at room
temperature (i.e., 25 = 1 °C), then the solutions were filtered
and the residual concentration of heavy metal ions in the
solution (C., mg metal per L) was determined using an
Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES, Optima 8000DV, PerkinElmer, USA). All the
experimental data were the average of the triplicate deter-
minations. The equilibrium adsorption capacity (g., mg g~ ")
and removal rate (R%) were calculated as follows:

RISl o
R(%) = w x 100% (2)

where Cy and C, represent the initial and equilibrium metal ion
concentrations of Cu(i), Zn(u) or Pb(u) (mg L"), respectively; V,
is the volume of the solutions used (L) and m is the amount (g)
of adsorbents.
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2.3.2. Adsorption kinetics. For the study of adsorption
kinetics, the experiments were carried out at pH 5.5 and the
other experimental conditions were similar to Section 2.3.1.
At desired time intervals, about 1.0 mL of the mixed solution
was taken out to analyze the current metal concentrations.
Meanwhile, the equivalent volume of the initial Cu(i), Zn(u)
and Pb(u) aqueous solution was respectively added into the
bulk solution to keep the volume constant. The metal uptake
of PEI-RCSA at time ¢, q(t;) (mg g~ ') was calculated using the
following equation:

i-1
(Co—=C)Vo = (Co—=C, )V
q(t;) = : (3)

m

where C, and C, (mg L") are the initial concentration of Cu(u),
Zn(u) or Pb(u) and the concentration at time ¢;, respectively. V,
and V (L) are the volume of the mixed solution and the sample
solution taken out each time for concentration analysis,
respectively. In this equation, V; is equal to 1.0 mL. m (g)
represents the mass of the adsorbent.

2.3.3. Adsorption isotherms in single system. To explore
the isotherms in single system, the adsorption process was
carried out at various initial concentrations ranging from 75
to 1000 mg L " at initial pH 5.5. After continuously stirring
for 8 h at room temperature, the adsorbents were subse-
quently filtered to determine Cu(u), Zn(u) and Pb(u) concen-
tration in the filtrate.

2.3.4. Adsorption isotherms in binary system. The
Pb(u1)-Cu(u), Pb(u)-Zn(u) and Cu(un)-Zn(u) binary aqueous
system was prepared by mixing pairs of metal ions with
equal initial concentration and the total initial concentra-
tions of the two metal ions were kept in the range of 150 to
1000 mg L~'. After the adsorption process, the solutions
were filtered and the residual concentration of heavy metal
ions in the solution was quantified.

2.4. Desorption and regeneration experiments

The desorption experiments were performed utilizing 100 mM
Na,EDTA solution as the eluent to estimate the reversibility of
PEI-RCSA and recovery of Cu(u), Zn(u) and Pb(u) ions. The
adsorbent PEI-RCSA was first equilibrated with heavy metal
ions in aqueous solutions with an initial concentration of
200 mg L™' and then put into the desorption solution.
Desorption was allowed for a time period up to 8 h under
shaking. After the desorption test, the adsorbents were thor-
oughly washed with deionized water and reused in the next
cycle of adsorption experiments. The desorption and regen-
eration experiments were carried out at room temperature
(i.e., 25 = 1 °C). The desorption efficiency (D.) was determined
by the following equation:

CxV

D, = % 100% (4)
m

where C (mg L") is the concentration of metal ions in the
desorption solution, V is the volume of the desorption solution,
g (mg g™") is the amount of metal ions adsorbed on the

RSC Adv., 2018, 8, 1872318733 | 18725
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adsorbent PEI-RCSA before desorption experiments, and m (g)
is the amount of the adsorbent used in the desorption
experiments.

3. Results and discussion

3.1. Characterizations of PEI-RCSA

Fig. 1(a)showed the FTIR spectra of native cellulose, SA, PEI-
RCSA, and PEL The broad peaks at 3334 cm ™" and 2898 cm ™"
in the spectrum of native cellulose were due to the O-H
stretching vibrations (hydroxyl groups of cellulose) and the
stretching vibrations of aliphatic C-H, respectively. The band at
1647 cm™ " related to the bending mode of the absorbed water.
The peak at 1361 cm™ " was attributed to the C-H bending and
the absorption band at 1159 cm™* corresponded to C-O asym-
metric stretching vibration. For the pure SA, we noted
a stretching vibration peak of saturated C-H at 2800-
3000 cm™*. The bands at 1595 and 1404 cm ™ corresponding to
asymmetric and symmetric stretching vibrations of -COO™ and
a stretching vibration peak of C-O at 1027 cm ™. In the spec-
trum of PEI-RCSA, the band appeared around 3277 cm™ " was
assigned to the overlapped stretching vibration of O-H
(hydroxyl groups of cellulose and SA) and N-H (amino groups of
PEI). The characteristic absorption band around 1657 cm
could be assigned to the absorption peaks of the C=N
stretching because the GA was used as the crosslinking agent
and the Schiff base was generated. Besides, the vibration
absorption at 1459 em ™" was ascribed to the stretching vibra-
tion absorption of C-N-H bond.** The appearances of these
bands clearly demonstrated the macromolecular chains of PEI
had been chemically grafted onto the double-network frame.

View Article Online
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The bands at 1377 em ™' corresponding to symmetric stretching
vibrations of -COO™.

The FTIR spectra of the original and metal-loaded PEI-RCSA
were recorded in Fig. 1(b) to identify the different functional
groups in PEI-RCSA that were responsible for Cu(i), Zn(u) and
Pb(u) adsorption. The increased ionic volume affected the
stretching and torsional vibrations of the functional groups, so
the adsorption peaks were changed accordingly. Owing to the
adsorption of Cu(u), Zn(u) and Pb(u) ions on the PEI-RCSA, the
band around 3277 cm ™' generated slight displacements to
a higher wavenumber 3450, 3359, 3528 cm ', respectively.
Compared with the spectra of the original PEI-RCSA, the -COO™
(1574 cm™ ') wavelengths after Cu(n), Zn(u) and Pb(u) adsorption
were longer to a certain extent than those before adsorption.
Meanwhile, the peak shape of N-H (1459 cm ') and -COO™
(1377 em ™) were changed after Cu(u), Zn(n) and Pb(n) adsorp-
tion, especially for Pb(u). This finding indicated that Pb(u)
possessed a higher binding capacity on PEI-RCSA. Hence, Pb(u)
showed a competitive advantage on PEI-RCSA over Cu(u) and
Zn(u) in the mixed solution. Those analyses indicated that the
adsorption could have mainly occurred through the interaction
between divalent cations (Cu(u), Zn(u) and Pb(u)) and the O-H,
N-H and -COO™ groups, and the adsorption behavior was
mainly governed by chemical adsorption.

Thermo gravimetric analysis (TGA) thermograms of PEI-
RCSA and RC were in agreement with other analysis results.
From Fig. 1(c), it was found that the decomposition process of
PEI-RCSA included four sections while RC included three
sections. The part I exhibited a weight loss of 2.0% below 160 °C
was attributed to evaporation of water adsorbed on the surface
of the PEI-RCSA, because of the strong hydrogen bond between
the amine and imino groups of PEI and water molecules in the
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(a) FTIR spectra of native cellulose, SA, PEI-RCSA and PE|, (b) a, b, c, and d were FTIR spectra of PEI-RCSA and the PEI-RCSA adsorption of
Cu(i), Zn(n) and Pb(), respectively, (c) TGA thermograms of PEI-RCSA and RC, (d) and (e) SEM images of PEI-RCSA, (f) SEM image of RC.
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ambient air. The main weight loss of both PEI-RCSA and RC
occurred at 160-360 °C, while the decomposition of PEI-RCSA
had an obvious decline than RC below 250 °C (part II), which
resulted from the additional decomposition of the amine
groups on the PEI macromolecules chains. When the temper-
ature was increased further (<360 °C), the decomposition of the
double-network frame was the main process, and the mass loses
of PEI-RCSA and RC was about 55% and 50%, respectively (part
III). As the temperature reached beyond around 650 °C, the
mass of PEI-RCSA tended to be stable, which indicating the
decomposition process was complete.

Morphology and the particle size of the fabricated samples
were presented in Fig. 1. As shown in Fig. 1(d), the PEI-RCSA
particle size was almost 500 um, which will be beneficial for
recycle and some easy methods (e.g. filtration) can be used to
separate them from the aqueous solution,* and the particles
did not show a well-defined shape in the SEM analysis. As
shown in Fig. 1(f), the surface of RC exhibited micro- and nano-
pore structure. Meanwhile, PEI-RCSA (Fig. 1(e)) had the similar
pore structure but obviously had much more pores as compared
to precursor RC (Fig. 1(f)), which should be attributed to the
surface modification process and the existence of SA. The pore
formation was a result of the H,O-induced phase separation
during the sol-gel process. The porous structure would allow
the adsorption occurring on both exterior and interior of
adsorbents, consequently facilitating the metaal ions adsorp-
tion but requiring larger contact time for equilibrium and
saturation. After the adsorption, the adsorbent remained
porous structures due to relatively large pores (see Fig. Sic,
ESIT). Meanwhile, EDS results (see Fig. S1d, ESIt) verified the
presence of Cu(u) on the adsorbent, suggesting Cu(u) was
adsorbed on the adsorbent successfully. Moreover, the dis-
appearing of Na(1) ions implied that the adsorption mechanism
included ion exchange.

The results of the BET analysis of PEI-RCSA were shown in
Fig. S2 (see ESIt). It can be assigned as a type II isotherm, which
was attributed to physical adsorption and also indicating a high
affinity between gas and solid.** The specific surface area of PEI-
RCSA was found to be 1.73 m* g~ . Digitized photographs of the
PEI-RCSA before and after the adsorption of Cu(u), Zn(un) and
Pb(u), respectively, were shown in Fig. S3 (see ESIf). The color of
the adsorbents was obviously changed after the adsorption of
heavy metal ions.

Taken together, the characterization results of SEM, FTIR,
and TGA confirmed the fabrication of the adsorbent (PEI-RCSA)
occurred successfully and the adsorption behavior was subse-
quently investigated.

3.2. Adsorption study

3.2.1. Effect of pH on the adsorption. The pH of the solu-
tion had a significant effect on the uptake of metal ions since it
may affect several critical criteria such as the speciation of the
metal in the solution, the chemical state of reactive groups on
the adsorbent (protonation/deprotonation), which, in turn may
affect their affinity for target metal ions.***® To maximize the
removal of heavy metal ions by the adsorbents, knowledge of an

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Effect of initial solution pH on the adsorption of Cu(i), Zn(i) and
Pb(i) onto prepared adsorbent PEI-RCSA (conditions: 25 + 1 °C;
adsorbent dosage: 1 g L™%; shaking speed: 130 rpm; contact time: 8 h;
Co: 200 mg Cu per L, 200 mg Zn per L and 200 mg Pb per L).

optimum pH is important. In order to avoid the formation of
any hydroxide precipitation of Cu(u), Zn(u) and Pb(u) to obstruct
the adsorption process, the initial solution pH was chosen in
the range of 2.0-6.0. Fig. 2 showed the relationship between the
initial solution pH and contaminants removal (the pH of the
solutions after adsorption were shown in Fig. S4, see ESIT). The
results revealed that the adsorption behavior of prepared
adsorbent PEI-RCSA with heavy metal ions was strongly pH-
dependent. At low pH (i.e., in the range 1.0-2.5) the adsorp-
tion efficiency is negligible (below 12%). When the pH
increases, the adsorption efficiency significantly increases
(especially above pH 3.5). Above pH 4.5, the adsorption effi-
ciency tends to stabilize.

These results can be explained by the structure of the
adsorbent: SA is constituted of guluronic and mannuronic acid
units (i.e., carboxylic acid groups), while SA and cellulose graf-
ted with PEI and urea also contained amine groups and imino
groups (-NH, and -NH-). The acid-base properties of reactive
groups are obviously affected by their chemical environment.
The dissociation constants of the carboxylic groups that
constitute alginate biopolymer have been researched: the pK, of
carboxylic groups in mannuronic acid units is close to 3.38
while for guluronic acid units the carboxylic groups have
a slightly higher pK, (i.e., close to 3.65).*” This means that nearly
below 3.5 most of carboxylate groups are protonated and then
less reactive groups for the binding of metal ions, while above
PpH 3.5 the carboxylate groups are more favorable for metal ions
binding. Meanwhile, the branched PEI has a large quantity of
primary amine with pK, of 6.85 and internal tertiary amine with
pK, of 3.86.*** At low pH solution, a relatively high concen-
tration of protons would be available to protonate amine and
imino groups to form -NH;" and -NH,'- groups, which will
compete strongly with heavy metal ions for amine sites.*
Furthermore, the protonation of amine groups would lead to
the strong electrostatic repulsion of the heavy metal ions to be

RSC Adv., 2018, 8, 1872318733 | 18727
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adsorbed. As a result, it became difficult for heavy metal ions to
be close to the adsorbent surface and be adsorbed.

As a consequence, at pH below 3.5, only the amine and imino
groups are able to bind metal ions (with a possible weak
contribution of ion-exchange of protons on carboxylic acids
groups with metal ions). However, above pH 3.5 both amine
groups, imino groups and carboxylate groups contribute to
metal ions uptake. These results are consistent with the sharp
increase in the adsorption efficiency at pH above 3.5. The
optimum pH for adsorption of target metal ions was found to be
in the pH range of 5-6 and all further adsorption experiments
were carried out at the initial solution pH of 5.5.

3.2.2. Adsorption kinetics studies. The kinetic profiles
(Fig. 3) illustrated the variation in the adsorption capacity
trends versus contact time for the prepared aqueous solution.
The adsorption equilibrium for both Cu(u), Zn(u) and Pb(u) was
achieved within 120 min. The fast-increasing rates were
observed at the beginning stage, attributing to the more avail-
able adsorption sites of adsorbents at this stage.

To analyze the adsorption mechanisms further, the pseudo-
first-order, the pseudo-second-order,”** and intraparticle
diffusion kinetic models®** were applied to the experimental
data. The afore-mentioned kinetics models are presented as eqn
(5)-(7), respectively:

qr = qe — Qeeiklt (5)
qe

=g, — —2 6

qr = {qe gkot + 1 (6)

where g. and ¢, (mg g~ ') are the amount of Cu(u), Zn(x) or Pb(m)
adsorbed at equilibrium and time ¢ (min), respectively; &,
(min~") and &, (g mg~ " min~") are the rate constant of pseudo-
first-order model and pseudo-second-order model, respectively.
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Fig. 3 Adsorption kinetics of the prepared adsorbent PEI-RCSA for
removal of Cu(n), Zn(i) and Pb(i) in their respective single-component
aqueous solutions (conditions: 25 + 1 °C; pH 5.5; adsorbent dosage:
1g L~% shaking speed: 130 rpm; Co: 200 mg Cu per L, 200 mg Zn per L
and 200 mg Pb per L). Fitted by pseudo-first-order model (----) and
pseudo-second-order model (—).
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g0 =kt + G (7)

where ¢, (mg g™ %) is the amount of Cu(i), Zn(i) or Pb(u) absor-
bed at time ¢ (min); C; is the intercept at different stages; ky; is
the rate constant of intraparticle diffusion at stage i.

The obtained kinetic parameters and correlation coefficients
R® of metal ions were summarized in Tables 1 and 2. The
nonlinear and linear fitting results of the pseudo-first-order and
the pseudo-second-order kinetic models were illustrated in
Fig. 3 and S5 (see ESIt), respectively. Considering the above
results, the pseudo-second-order model gave a better repre-
sentation of the data than the pseudo-first-order model; and the
g. values calculated from the pseudo-second-order model were
closer to the experimental data. This meant that the overall
rates of the adsorption of PEI-RCSA were controlled by chemical
adsorption. Then, it is necessary to analyze the intraparticle
diffusion model, which has been widely applied to predict the
rate-controlling process and can describe the adsorption
process more clearly.**** The plots to fit intraparticle diffusion
model are shown in Fig. S6.1 From the published literature, we
know that if the plots cross the origin, then the intraparticle
diffusion is the sole rate-controlling process. Otherwise, the
rate-controlling process includes other mechanisms. In this
work, the plots contained three regions (Phase I, Phase II and
Phase III) and did not cross the origin. These results indicated
that three steps occur in the adsorption process and the intra-
particle diffusion was not the only rate-controlling process in
the adsorption process. Phase I corresponded to instantaneous
adsorption or external surface adsorption. Phase II was gradual
adsorption stage attributable to intraparticle diffusion until the
exterior surface reached the saturation. Phase III was the final
equilibrium stage where the intraparticle diffusion slowed
down due to the extremely low concentration of metal ions in
solution. However, the intraparticle diffusion rate constant k,
for Phase I is higher than that k, for the second stage; and C; is
smaller than C,, which indicates the rate of Cu(u), Zn(u) and
Pb(u) removal was higher than the second stage. As the data
showed, the intraparticle diffusion was the real rate-controlling
process of the adsorption process.

3.2.3. Adsorption isotherm studies

3.2.3.1. Single-component adsorption. Two
models of Langmuir and Freundlich isothermal models***”
were used to analyze the results of the equilibrium isotherms.
The Langmuir and Freundlich models are deduced from
different theoretic assumptions as follows: the former assumes
that the adsorption takes place onto a homogeneous surface of
the adsorbent and a monolayer adsorption occurs on the
surface, whereas the latter is usually applied in describing
heterogeneous systems.*® The equations are expressed as
follows:

well-known

quLCe
e = T 8
4 1 + KLCC ( )
ge = KpC" (9)

This journal is © The Royal Society of Chemistry 2018
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Table1 Kinetic parameters for the pseudo-first-order and pseudo-second-order models for Cu(i), Zn(i1) and Pb(i) adsorption onto the prepared

adsorbent PEI-RCSA in single system

Pseudo-first-order

Pseudo-second-order

Metal ion qe,exp (mg gil) kl (minil) qe,cal (mg gil) Rz kz X 104 (g mgﬁl minil) Qe,cal (mg gil) RZ

Cu(u) 120.0 0.0209 133.5 0.9708 2.4417 130.6 0.9985
Zn(u) 90.3 0.0192 86.5 0.9786 2.7678 100.1 0.9923
Pb(u) 146.6 0.0155 102.8 0.9785 2.8786 154.7 0.9990

where q. (mg g ) is the adsorption capacity at equilibrium; C.
(mg L") is the equilibrium concentration of metal ions in
aqueous solution; g, (mg g ") is the maximum adsorption
capacity; K, (L mg ') is the Langmuir constant; Ky [(mg g~ ') (mg
L~Y7Y"] is the Freundlich constant, and n (dimensionless) is
the heterogeneity factor depicting the adsorption intensity.

The Langmuir isotherm model is explained using a dimen-
sionless constant separation factor or equilibrium parameter
R;, which can be calculated using the equation:

1
RL_

= 10
1 + K. G ( )

where C, (mg L") is the initial concentration of metal ions in
aqueous solution. The value of R; suggested whether the
adsorption is irreversible (R, = 0), favorable (0 < Ry, < 1), linear
(R, = 1) or unfavorable (R, > 1).*°

The nonlinear and linear fitting results of Langmuir and
Freundlich isothermal models were illustrated in Fig. 4 and
S7 (see ESIt), respectively, and the fitting results were pre-
sented in Table 3. Fig. 4 illustrates the variation in the equi-
librium adsorption capacity trends versus equilibrium metal
concentrations. In the beginning, the amount of the metal
ions captured increased with C, increase. Furthermore, both
Cu(u) and Pb(u1) were almost completely removed by PEI-RCSA
when the initial concentrations were lower than 100 mg L™".
This result indicated that, at lower initial metal concentra-
tions, the adsorption sites on PEI-RCSA were sufficient and
that the adsorption capacity fully relied on the amount of
Cu(u), Zn(u) or Pb(u) transported from the bulk solutions to
the adsorbent surfaces. Meanwhile, at higher initial metal
concentrations, the adsorption sites on the PEI-RCSA surfaces
were saturated, and the adsorption of metal ions ultimately
attained an equilibrium value. The maximum adsorption
capacities of the materials can be ranked according to the
series: Pb(u) > Cu(u) > Zn(u). The results indicated that the
adsorption capacity for Pb(u) was higher than that of Cu(n)

and Zn(u) as Pb(u) could bind with more varieties of func-
tional groups. Differences in metal adsorption are due to the
chemical structure of each metal (i.e., the ionic radius, the
electronegativity and the hydration properties of the metal
ions), and the intrinsic properties of the adsorbent (i.e., type
of reactive groups).

As the value of the correlation coefficients R* of the three
heavy metal ions from the Langmuir and Freundlich equations
were both high, with those of the Langmuir equation was
slightly higher (Table 3), we indicated that the Langmuir and
Freundlich mechanisms may be both involved in the metal
adsorption process, and the Langmuir equation gave a better fit
to the experimental data than the Freundlich equation. As
mentioned earlier, both Cu(u), Zn(u) and Pb(u) were mainly
adsorbed via ions-exchange and ligands with the type of reactive
groups (i.e., carboxylic acid groups, amine groups and imino
groups) on the adsorbents. Thus, on one hand, the PEI-RCSA
adsorption of metal ions was monolayer and partially fol-
lowed the Langmuir model; on the other hand, the various
reactive groups obviously bear different activity and adsorption
energy levels, thus resulting in a heterogeneous surface of the
adsorbent that followed the Freundlich adsorption mechanism.
Summarily, it could be considered as chemisorption of Cu(u),
Zn(u) and Pb(u) on PEI-RCSA with a monolayer heterogeneous
process.

The values of Ry, adsorption of both Cu(u), Zn(u) and Pb(u)
were less than 1 and greater than 0, meanwhile, the n values
from Freundlich equations were in the range of n > 1, indicating
all metal ions were favorable for adsorption by PEI-RCSA.
Furthermore, the R; values of the adsorbent can be ranked
according to the series: Pb(u) < Cu(u) < Zn(u), implying that the
adsorption of Pb(u) was more favorable than the other two types
of metal ions. These results could be anticipated for competitive
adsorption from binary-component solutions. The maximum
adsorption capacities of PEI-RCSA were compared with some
other various adsorbents summarized in Table 4. Obviously, the

Table 2 Intraparticle diffusion model constants and correlation coefficients (R?) for adsorption of Cu(i), Zn(1) and Pb(i) onto the prepared

adsorbent PEI-RCSA in single system

Metal ion k1 C, (Ry)? kp2 C, (Ry)? ks Cs (R3)?

Cu(u) 11.1663 —2.5237 0.9926 4.7420 53.3013 0.9652 0.9337 101.7898 0.5791¢
Zn(m) 8.7976 —6.8928 0.9710 3.1432 47.7513 0.9648 0.3008 84.1116 0.7868%
Pb(n) 14.3430 7.7793 0.9613 4.9084 73.2949 0.9827 0.5706 134.9911 0.7361%

“ These curves were not fitted with intraparticle diffusion model in a perfect way.
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Fig. 4 Adsorption isotherms of the prepared adsorbent PEI-RCSA for
removal of Cu(n), Zn(i) and Pb(i) in their respective single-component
aqueous solutions (conditions: 25 + 1 °C; pH 5.5; adsorbent dosage:
1 g L% contact time: 8 h; shaking speed: 130 rpm). Simulation by
Langmuir model (- - - -) and Freundlich model (—).

adsorption capacities of PEI-RCSA were higher than most other
adsorbents with good adsorption capacity.

3.2.3.2. Binary-component adsorption. The Langmuir model
for single-component adsorption is represented mathematically
as eqn (8). This model can not only use for prediction of single
metal adsorption but also for multi-metals adsorption.® In this
research work, the binary-component adsorption systems,
consisting of Pb(u)-Cu(u), Pb(u)-Zn(u) and Cu(u)-Zn(u), were
studied and the results were fitted with Langmuir competitive
model. Langmuir competitive isotherm can be modified to
multi-metals isotherm by introducing some interaction factors
as follow:

qmi Ky, C.))
gos = —miKLi(Ced)

= it (11)
1+ Z Ki;(Ces)

where, g.; (mg g ") is the equilibrium adsorption capacity for i
metal ions (first metal ions), C.; (mg L") is equilibrium

View Article Online
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concentrations, Ki ; is Langmuir isotherm parameter and g, ;
(mg g™ ") is maximum adsorption capacity, N is the number of
metals in the solution.

With a binary solution of metal ions (i, j = 1 or 2, N = 2), the
eqn (11) could be rearranged into the following forms (for metal
ion 1, as an example):

_ qm.lKLA,l(Ce,l)
14+ K1 (Cen) + Kio(Cep)

e, (12)

Ce 1 1 Ki,

QC, qm,lKL,l dm,1 of qm‘]KL‘]

Cen (13)

The separation factor («;,), eqn (14), is calculated for
defining the possible preference of the adsorbent for a given
metal in a mixture of metal ions. If o;, > 1, metal ion 1 is
preferred, alternatively, metal ion 2 is preferred.

(14)

The adsorption data were fitted by Langmuir competitive
model, as shown in Fig. S8.1 The adsorption parameters of
binary adsorptions of Pb(u)-Cu(i), Pb(11)-Zn(u) and Cu(u)-Zn(u)
were shown in Table 5. The results indicated that the presence
of one metal species lowered the adsorption capacity of the
other. The correlation coefficients R” was used to evaluate the
validity of Langmuir competitive model and the results indi-
cated the Langmuir competitive model had the best fitting to
the experimental adsorption data for Pb(u) (Pb(u)-Cu(u)), Cu(m)
(Pb(u)-Cu(u)), Pb(u) (Pb(u)-Zn(u)), Zn(u) (Pb(u)-Zn(u)), Cu(u)
(Cu(m)-Zn(u)) and Zn(u) (Cu(w)-Zn(u)). The separation factor
(01,2) in Table 5 showed the preference of the adsorbent PEI-
RCSA for a given metal ion in a binary-component system can
be ranked according to the series: Pb(u) > Cu(u) > Zn(u). This
order was same as the maximum adsorption capacities of PEI-
RCSA in single-component adsorption in Section 3.2.3.1. In
this system, the adsorption mechanism was mainly associated
with complexation reaction, ion exchange and electrostatic
interaction based on the association of both amine groups on
PEI and carboxyl groups on SA (see Fig. S9, ESIt). Subsequently,
the adsorption affinity order was matched with Pauling's

Table3 Fitting parameters of the Langmuir and Freundlich equations for Cu(i), Zn(i) and Pb(i) adsorption onto the prepared adsorbent PEI-RCSA

in single system

Metal ion

Isotherm model Cu(u) Zn(u) Pb(u)
Experimental Gmexp (M g ) 172.5 106.9 229.1
Langmuir Gmcal (Mg g Y) 177.1 110.2 234.2

Ky, (L mg™) 0.0355 0.0323 0.0442

R* 0.9992 0.9993 0.9993

Ry, 0.0274-0.2731 0.0301-0.2925 0.0221-0.2317
Freundlich Kg 43.8595 32.6922 54.7670

n 4.5910 5.4015 4.3018

R* 0.9340 0.9261 0.9412
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Table 4 Comparison of adsorption properties of various adsorbents for the removal of Cu(i), Zn(i) and Pb(i) from the aqueous solution

Adsorption capacity (mg g~ ")

Materials Cu(un) Zn(u) Pb(ur) References
Chitosan-cellulose beads 53.2 — — 58
Glycidyl methacrylate-cellulose 70.4 . 84.9 20
PGMA 69.6 — 52.0 60
Pyromellitic dianhydride modified SCB 77.4 65.0 219.6 61
Si0,-G2 — — 165.8 48
Triethylenetetramine functionalized cellulose acetate-manganese dioxide — — 196.8 62
composite
Alginate beads 95.3 — — 63
Magnetic chitosan/cellulose microspheres — — 45.9 64
TEPA modified chitosan/CoFe,0, 168.1 — 228.3 65
Fe;0,/CS NPs — — 79.2 66
CSTEC 95.2 — 144.9 67
CA/TiO, 23.0 — 25.0 68
PEI-RCSA 177.1 110.2 234.2 This work
Table 5 Binary adsorption parameters from Langmuir competitive 100 = 100
model of Pb(i)—=Culi), Pb(i)=Zn() and Cu(i)=Zn(n) u\ /ﬁ
7AS

Pb(u)-Cu(u) Pb(u)-Zn(u) Cu(u)-Zn(u) 80 “

7 7 o
For Pb(u): For Pb(u): For Cu(u): - | //?7 o s
Gmpn = 167.6Mgg ™" Gmpp=1401mgg™"  gmcou=291.8mgg " ¥ NN g
Ky pp = 0.0757 Ky pb = 0.0512 Ki,cu = 0.1257 = % % 190 5
Kycu = 0.0033 Kizn = —0.0044 Kizn = 0.1214 2 / 7 5
R* = 0.9995 R* = 0.9996 R* = 0.9961 § // / g
For Cu(n): For Zn(n): For Zn(n): = — 2 ;/ —
Gm,cu = 95.4 mg g’1 Gm,zn = 50.9 mg g’1 Gm,zn = 43.9 mg g’1 ////? 7
Ki,pp = 0.0198 Ky, pp = —0.0094 Ki,cu = —0.0461 INN= /
Ki,cu = 0.0100 Kizn = 0.0117 Kizn = 0.0215 % v
R® = 0.9963 R® = 0.9849 R* = 0.9720 - T = 7 - : 80

apb,cy = 2.89-12.76 Qpb,zn = 3.86-18.43 Ocuzn = 3.04-9.35

electronegativity order, which are Cu (1.90), Zn (1.65) and Pb
(2.33)°and reverse order of hydrated radius, Cu (4.19 A), Zn
(4.30 A) and Pb (4.01 A).”* The data indicated that higher elec-
tronegativity and smaller hydrated radius ensured a more
favorable adsorption through surface complexation or adsorp-
tion reactions.

3.2.4. Desorption and regeneration experiments. The
recyclability of the adsorbent is an important factor for its
potential practical application. Generally, the desorption of
metal ions from used adsorbents was carried out using large
amounts of eluent (e.g. acidic solutions). In this research
work, considering the intrinsic properties of the reactive
groups on the adsorbent (i.e., the stability of Schiff base) and
the strong chelating property of EDTA reported in the
previous research, 100 mM Na,EDTA was chosen to regen-
erate the used PEI-RCSA with desorption time of 8 h each
time. As shown in Fig. 5, after three desorption cycles, the
adsorption performance of the PEI-RCSA toward Cu(u), Zn (1)
and Pb(u) decreased slightly (i.e., 63.5% to 57.9%, 45.6% to
32.5% and 73.5% to 70.0%, respectively); and the desorption
efficiency for Cu(u), Zn(u) and Pb(u) were all extremely high
for each cycle (i.e., 96.2% to 99.5%, 97.2% to 99.6% and

This journal is © The Royal Society of Chemistry 2018

Recycle number
Adsorption ZZ7] Pb(II) (=] Cu(Il) = Zn(II)
Desorption —0— Pb(II) —o— Cu(Il) —— Zn(II)

Fig. 5 Adsorption—desorption cycles of the prepared adsorbent PEI-
RCSA for removal of Cu(i), Zn(i) and Pb(i) in their respective single-
component aqueous solutions (adsorption conditions: 25 + 1 °C; pH
5.5; adsorbent dosage: 1 g L™%; shaking speed: 130 rpm; contact time:
8 h; Co: 200 mg Cu per L, 200 mg Zn per L and 200 mg Pb per L.
Desorption conditions: 25 + 1 °C, stripping solution: 100 mM Na,EDTA
aqueous solution; adsorbent dosage: 1 g L™*; shaking speed: 130 rpm:;
stripping time: 8 h).

97.6% to 98.6%, respectively). The significance comparisons
were shown in Fig. S10 (see ESI}). These results demon-
strated that PEI-RCSA can be regenerated successfully in
100 mM Na,EDTA aqueous solution without significantly
affecting its adsorption efficiency of Cu(u), Zn(u) and Pb(u)
for at least three cycles, which shows the excellent reusability
and stability of the adsorbent and the potential application
in a variety of environmental and chemical fields.

4. Conclusions

In this research work, the native cellulose and SA were
combined as the double-network frame and successfully

RSC Adlv., 2018, 8, 18723-18733 | 18731
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modified with a branched polymer PEI through the crosslinking
reaction by glutaraldehyde to develop a novel adsorbent system,
PEI-RCSA, for water remediation. This novel functional
composite adsorbent was synthesized, characterized, and
applied in the removal of Cu(u), Zn(u) and Pb(u) in the aqueous
solution, and its adsorption isotherm could be described well by
the Langmuir isotherm model, indicating that the main
adsorption of Cu(u), Zn(u) and Pb(u) onto PEI-RCSA was
monolayer adsorption. The maximum adsorption capacities of
Cu(u), Zn(u) and Pb(u) in single system were 177.1, 110.2 and
234.2 mg g ', respectively. Kinetic studies demonstrated that
the pseudo-second-order model was appropriate to describe the
adsorption process in single system, and the intraparticle
diffusion was not the sole rate-controlling process. The solution
pH had a significant influence on the adsorption processes as
lower pH value (especially under pH 3.5) of the solutions led to
a significant decrease in adsorption. For the binary system, the
adsorption isotherms were better described by Langmuir
competitive model. The PEI-RCSA revealed superior adsorption
capacity toward Cu(n), Zn(u) and Pb(u), which can be attributed
to the presence of large amounts of amino and carboxylic
groups on the surface of adsorbent and the porous structures.
Furthermore, the adsorption-desorption cycle results demon-
strated the PEI-RCSA could be regenerated successfully in
suitable solutions. In summary, this adsorbent would be an
effective material for the control of toxic metal pollution in
water, which has lots of advantages, such as low cost, high
efficiency, convenient recovery from water, and environmental
friendliness.
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