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Porous starch xanthate (PSX) and porous starch citrate (PSC) were prepared in anticipation of the
attached xanthate and carboxylate groups respectively forming chelation and electrostatic interactions
with heavy metal ions in the subsequent adsorption process. The lead(Il) ion was selected as the model
metal and its adsorption by PSX and PSC was characterized. The adsorption capacity was highly
dependent on the carbon disulfide/starch and citric acid/starch mole ratios used during preparation.
The adsorption behaviors of lead(Il) ion on PSXs and PSCs fit both the pseudo-second-order kinetic model
and the Langmuir isotherm model. The maximum adsorption capacity from the Langmuir isotherm
equation reached 109.1 and 57.6 mg/g for PSX and PSC when preparation conditions were optimized,
and the adsorption times were just 20 and 60 min, respectively. PSX and PSC may be used as effective
adsorbents for removal of heavy metals from contaminated liquid.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

1. Introduction

When heavy metals from various industrial activities enter
aquatic systems, they must be removed from the wastewater
because of their significant threat to human health. Among the var-
ious techniques used for treatment of heavy metals in wastewater,
adsorption is a promising alternative due to ease of handling, low
operating costs, high efficiency for removing very low levels of
heavy metals from dilute solutions, and there is no threat of sec-
ondary contamination.

There are many adsorbents that can be used to remove heavy
metals from aqueous solutions including oxidized carbon nan-
otubes (Tofighy & Mohammadi, 2011), graphene oxide (Wang,
Yuan, et al., 2013), clay (Sdiri, Higashi, Chaabouni, & Jamoussi,
2012), and biomass sources (Altun & Pehlivan, 2012; Jain, Garg, &
Kadirvelu, 2009; Kaya, Pehlivan, Schmidt, & Bahadie, 2014; Wang,
Yin, et al., 2013). Natural polysaccharide-based adsorbents have
been focused on because of their low cost, availability, and
biodegradability. The building blocks of biomass-based polysaccha-
rides have a substantial number of reactive hydroxyl, carboxyl, and/
or amino groups that can be further modified for the removal of
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heavy metals. For example, a magnetic chitosan adsorbent was
synthesized by surface modification of chitosan/SiO,/Fes04 with
EDTA using 3-ethyl-1-(3-dimethylaminopropyl) carbodiimide
hydrochloride as the crosslinker in a buffer solution (Ren, Abbood,
He, Peng, & Huang, 2013). This adsorbent could be collected using
a magnetic separation process after Cu?*, Cd*>* and Pb%** were
removed from the solution. In another study, a hybrid gel fabricated
by crosslinking calcium alginate and gamma-poly glutamic acid
was used to adsorb Nd3* (Wang et al., 2014). In addition, carboxylic
acid functionalized deacetylated konjac glucomannan was used to
remove heavy metals from water (Liu, Luo, Lin, Liang, & Chen,
2009). Meanwhile, cellulose xanthogenates derived from straw
were prepared for use as adsorbents of heavy metals by sulfonation
and magnesium substitution (Deng et al., 2012). Additionally,
crosslinked amino starch was obtained by reacting ethylenedi-
amine with dialdehyde starch for the adsorption of Cu?* and Cr®*
(Dong et al., 2010).

Among biomass-based polysaccharides, starch and cellulose are
the most promising raw materials with low cost and universality.
During conventional modification of starch or cellulose, strong acid
or base at high concentration is commonly used to destroy the
intermolecular hydrogen bond interactions and crystallization
regions, which then facilitates the chemical reaction between the
starch and modifiers. Conversely, we postulate that porous starch
(PS) with a large specific surface area and low crystallinity could
foster effective modification under moderate reactive conditions
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while maintaining the porous structure. We believe that the por-
ous starch xanthate (PSX) and porous starch citrate (PSC) prepared
here have not been reported in the literature.

It is interesting to note that adsorbents prepared from the
modification of polysaccharides are usually soluble or in a powder
form, and so are difficult to separate out after the adsorption pro-
cess. Contrary to the prior art, we postulate using PS for easy and
economical solid-liquid separation. Such an attempt has not been
explored previously. In this work, PS was prepared by replacing ice
crystals in the frozen starch gel with ethanol using a solvent
exchange technique (Qian, Chang, & Ma, 2011) and later modified
with carbon disulfide (CD) and citric acid (CA) at low concentra-
tions of NaOH or without NaOH. Subsequently, the adsorption
patterns of Pb?* ions by PSX and PSC were characterized.
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2. Materials and methods
2.1. Materials

Potato starch was purchased from Manitoba Starch Products
(Manitoba, Canada). Ethanol, carbon disulfide, citric acid and other
chemicals were all analytical grade.

2.2. Preparation of porous starch (PS)

The preparation of PS was based on the method of Chang, Yu,
and Ma (2011). Potato starch (5 g) was added to 100 mL of distilled
water and heated at 90 °C for 0.5 h to completely gelatinize the
starch. The mixture was refrigerated for a few days at 5 °C until a
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Fig. 1. SEM images of PSX1.35 prepared from 0.5% NaOH (a and b); PSX0.54 prepared from 5% NaOH (c); PSX1.35 prepared from 5% NaOH (d); PSCO0.1 (e); and PSC1.0. (f).
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starch gel formed. The obtained gel was cut into cubes (about
1 x 1 x 1 cm), and frozen. The frozen cubes were immersed in etha-
nol three times for about 2 h each time. The cubes were then dried
at 50 °C for 3 h to remove the ethanol, and white solid PS cubes with
a low apparent density of about 90 mg/cm® were obtained.

2.3. Preparation of porous starch xanthate (PSX) and porous starch
citrate (PSC)

1 g PS was immersed in 50 mL NaOH solution (0.5% or 5%), and
carbon disulfide (0.2, 0.3, 0.4 or 0.5 mL) was added with vigorous
stirring. The reaction was processed at 30 °C for 1.5 h. Since the
molar mass of starch (i.e., anhydroglucose unit) is 162, the mole
ratios of CD/starch were 0.54, 0.81, 1.08 and 1.35, respectively.
The obtained PSXs were washed in water three times, and then
washed with ethanol three times and dried for testing. PSXs with
different CD/starch mole ratios were labeled as: PSX0.54,
PSX0.81, PSX1.08, and PSX1.35.

Ethanol solution was used to dissolve CA and disperse the PS
cubes. The suspensions were then conditioned for 12 h at room
temperature to ensure their homogeneity. The molar ratios of CA
and PS were 0.1, 0.2, 0.4, 0.6, 0.8 and 1, respectively. The cubes
were dried at 110 °C for 4 h in a forced air oven. The PSCs were
immersed in ethanol three times to remove the remaining CA,
and then dried. The PSCs with different mole ratios of CA/starch
were labeled as: PSCO0.1, PSC0.2, PSC0.4, PSC0.6, PSC0.8 and PSC1.0.

Granular potato starch was modified by reacting it with CD or
CA to serve as the control.

2.4. Scanning electron microscopy (SEM)

The fracture surfaces of PSX and PSC were examined using a
Hitachi S-4800 scanning electron microscope. PSX and PSC were
cooled in liquid nitrogen and then broken, and the fracture surfaces
were vacuum coated with gold for SEM.

2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR analysis of PSX or PSC was performed at 2 cm~! resolution
on a Bio-Rad FTS 3000 IR Spectrum Scanner. Samples were

I
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adsorbed at 30 °C. The solution had to pass through a filter mem-
brane to remove the soluble starch components before testing for
granular starch xanthate.

The adsorption isotherm, where the concentration of the adsor-
bent was 2 g/L and the Pb®* concentration changed from 0.5 to
1.5 g/L, was studied as well. These experiments were carried out
at 30°C and the bottles were shaken on a rotary shaker at
100 rpm for 2 h to reach the adsorption equilibrium.

3. Results and discussion
3.1. Morphology of PSX and PSC

As shown in Fig. 1(a and b), the porous structure was not
destroyed during CD modification, even with a high CD/starch
mole ratio, when the NaOH concentration was low (0.5%).
However, when the NaOH concentration was 5%, the porous struc-
ture was partly destroyed when the CD/starch mole ratio was low
(0.54), as revealed in Fig. 1(c). When the CD/starch mole ratio was
1.35, the walls of the porous starch were soluble in 5% NaOH
solution and the porous structure completely disappeared
(Fig. 1(d)). The reaction between starch and CD in the presence
of NaOH is:

St-OH + S=C=S M St-0-C-SNa

NaOH weakens the intermolecular interactions of the starch mole-
cules and facilitates the reaction between starch and CD. A concen-
trated NaOH solution, however, may lead to the degradation and
solubilization of starch.

The morphology of PSC is shown in Fig. 1(e and f). With an
increase in the CA/starch mole ratio from 0.1 to 1.0, the porous
structure was maintained. CA modification of PS was a crosslinking
reaction (Ma, Chang, Yu, & Stumborg, 2009), which facilitated the
stability of the porous structures. The following reaction exhibits
the modification of porous starch with CA:
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H,C-COOH H,C-COOH H,C-COOH H,C-C< H,C-C-OSt
0

prepared by making pellets with dried IR grade KBr and, typically,
64 scans were signal-averaged to reduce spectral noise.

2.6. Adsorption experiments

Adsorption experiments were conducted using glass bottles
containing 2 g/L of the adsorbents and PbNOs solution (0.5 g/L
Pb?*). The glass bottles were placed on a slow-moving platform
shaker for a certain length of time during the adsorption process.
To investigate the effect of the mole ratio on equilibrium adsorption
capacity, the Pb?* concentrations were tested after the adsorbents
were in the PbNO; solution for 2 h. The Pb?* concentrations in the
solutions were analyzed using an atomic adsorption spectrometer
(Thermo Scientific iCE 3000) to determine the amount of Pb%*

3.2. FTIR of PSX and PSC

Fig. 2 shows the FTIR spectra of PSX and PSC. For PS in Fig. 2(a),
the band at about 3400 cm~' was attributed to the hydrogen-
bonded hydroxyl groups of starch. The peak at about 1160 cm™!
was related to C—O bond stretching of the C—O—H group, and
the peaks at 1080 and 1020 cm~! were ascribed to C—O bond
stretching of the C—O—C group in the anhydroglucose ring
(Chang, Qian, Anderson, & Ma, 2012). The three characteristic
absorption peaks of the —(C=S)—S—H group appeared in the
ranges of 1250-1200, 1140-1110, and 1070-1020 cm~' (Chang,
Hao, & Duan, 2008; Lu, Xiao, & Sun, 2012). The band from the
C—O0 bond stretching in starch and the characteristic peak of xan-
thate groups may overlap in PSX. The formation of xanthate groups
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resulted in a change in the relative intensity and location of three
peaks in the range of 1200-1000 cm~! and the more diffuse bands
of the hydrogen-bonded hydroxyl groups of starch in the 3200-
3600 cm~! range. Similarly, Deng et al. (2012) confirmed the
occurrence of a sulfonation reaction by the change in relative
intensity of the three characteristic peaks between 1200 and
1000 cm ™.

As illustrated in Fig. 2(b), absorption bands due to the C=0
stretching of esters were observed at 1730cm™' (Yoshimura,
Yoshimura, Seki, & Fujioka, 2006) in PSC. This absorption peak
was absent in PS which indicated the formation of esters by the
reaction between the hydroxyl group in the porous starch and
the carboxylic anhydride group in CA. The peak intensity obviously
increased with increased CA/starch mole ratios (from 0.1 to 1). The
relative intensity and peak location of the C—0 bond stretching of
starch also changed in the 1200-1000 cm™~! range.

3.3. Effect of mole ratio on equilibrium adsorption capacity

%
— S~ — C-O__
—C P 2+ ~ 2+
PSX ~g.— Fb PSC|__ .o~ PP
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0

The mechanism of Pb?* adsorption by PSX and PSC is illustrated
above. Presumably, xanthate and carboxylate groups on the walls
of porous starch anchor chelation and electrostatic interactions
with heavy metal ions. Indeed, chelation between xanthate and
Pb2* ions removed Pb?" from water, while the carboxylate formed
electrostatic interactions with Pb%* ions. One xanthate group can
remove one Pb?* jon, while it takes two carboxylate groups to
adsorb one Pb?* ion. This indicates that chelation allows PSX to
adsorb more Pb?* than the electrostatic interaction between PSC
and Pb?*. The mole ratio of CD/starch and CA/starch affected the
numbers of xanthate and carboxylate groups on the walls of the
porous starch, which then determined the equilibrium adsorption
capacity of PSX and PSC.

The dependence of the equilibrium adsorption capacity of Pb?*
on the CD/starch mole ratio is shown in Fig. 3(a). For PSX from 0.5%
NaOH, the equilibrium adsorption capacity of Pb?* increased with
increasing CD/starch mole ratio, and reached 103.6 mg/g at the
CD/starch mole ratio of 1.35. The adsorption capacity of granular
starch xanthate exhibited a similar dependence on the CD/starch
mole ratio, while PSX from 5% NaOH displayed an adsorption capa-
city as high as 155.0 mg/g at a CD/starch mole ratio of 1.35. How-
ever, PSXs from 5% NaOH were soluble in water and therefore not
easily separated. Granular starch xanthate was also partly soluble;
therefore, PSX1.35 was investigated for batch adsorption kinetics
and isotherm without separation treatment.

The effect of the CA/starch mole ratio on the equilibrium
adsorption capacity of Pb?* is illustrated in Fig. 3(b). When the
CA/starch mole ratio increased from 0.1 to 1.0, the amount of
Pb2* adsorbed at equilibrium increased for both PSC and granular
starch citrate. The newly grafted carboxylate groups brought
negatively charged sorption sites and formed an electrostatic
attraction with the positively charged ions (Huang, Bu, Jiang, &
Zeng, 2011). Because starch granules and crystallinity were
destroyed during starch gelatinization, the large specific surface
areas of PS facilitated CA modification and more carboxylate
groups formed on the walls of PSCs, which exhibited a higher equi-
librium adsorption capacity than granular starch citrate. When the
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Fig. 2. The FT-IR spectra of (a) PSXs prepared with different mole ratios of CD/
starch and (b) PSCs prepared with different mole ratios of CA/starch.

CD/starch mole ratio was 1.0, the adsorption capacity for Pb?* on
PSC1.0 was 47.0 mg/g.

3.4. Batch adsorption kinetics

Fig. 4(a) reveals the effect of contact time on adsorption of Pb%*
by PSX1.35 and by PSC1.0. The uptake of Pb?* by PSX1.35 was high
and rather fast. The adsorption equilibrium from the experimental
curve was 103.6 mg/g after only 20 min for PSX1.35, while for
PSC1.0 the amount of dye adsorbed at equilibrium was 47.0 mg/g
after 60 min.

The kinetic models of pseudo-second-order and intraparticle
diffusion were used to investigate adsorption kinetics by PSX1.35
or PSC1.0. According to the pseudo second-order model, the
amount of Pb?* adsorbed at any time, t (min), is expressed as Eq.

(1):
t 1 ¢t

t_1.t 1
a kg 9 M

where ¢, (mg/g) and ¢. (mg/g) represent the amounts of dye
adsorbed at any time t (min) and at equilibrium, respectively, and
k (mg/g min) is the second-order rate constant.
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Fig. 3. Effect of mole ratio of (a) CD/starch and (b) CA/starch on equilibrium
adsorption capacity of Pb?* by PSXs and PSCs. Initial concentrations: Pb?* 0.5 g/L;
adsorbent 2 g/L.

Fig. 4(b) shows the relationship between t/q, and t. Some kinetic
parameters (k and g.) were calculated from the intercept and slope
of the line in a t/q, versus t plot, and are listed in Table 1. There
were linear relationships with high correlation coefficients
(R>0.999) between t/q,; and t for both PSX1.35 and PSC1.0, which
indicated that the adsorption process fit the pseudo second-order
model well. In terms of g, PSX1.35 exhibited better adsorption of
Pb?* (107.2 mg/g) than PSC1.0 (48.3 mg/g).

The intra-particle diffusion model, expressed in Eq. (2), was
used to investigate the diffusion mechanism of the adsorption
process,

q[ZKidt]/2+C (2)

where Kjq (mg/g min'/?) is the intra-particle diffusion rate constant
and C is the intercept.

As shown in Fig. 4(c), the plot can be divided into two
consecutive steps: (1) the external diffusion stage depicting
macro-pore diffusion; and (2) the gradual adsorption until
equilibrium is reached, where the adsorption is controlled by
micro-pore diffusion (Ding et al,, 2013). The rate constants Kig
and C are shown in Table 1. For both PSX1.35 and PSC1.0, K4
was much larger than Kj4,. This indicated that micro-pore diffusion
was the main rate-limiting step in the adsorption process, but not
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Fig. 4. Effect of contact time on adsorption of Pb?* by PSX1.35 and PSC1.0 (a); the
pseudo-second-order model (b) and intra-particle model (c) for batch adsorption of
Pb?*. Initial concentrations: Pb?* 0.5 g/L; adsorbent 2 g/L.

the sole rate-limiting step. Comparatively, the macro-pore diffu-
sion of PSC1.0 may control the adsorption kinetics more than that
of PSX1.35.

3.5. Batch adsorption isotherm

Adsorption isotherms were studied using Langmuir’s isotherm
model, described as Eq. (3).
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Table 1

Kinetic constants and isothermal constants for Pb?* adsorption by PSX1.35 and PSC1.0 at 30 °C.

Pseudo-second-order model Experimental g, (mg/g)

Intra-particle diffusion model

Langmuir constants

First stage Second stage
k (g/mg min) q. (mg/g) R Kia1 (mg/gmin'?) ¢, Kigz (mg/g min'?) G, b (L/mg) Qmax (mg/g) R
PSX1.35 0.0060 107.2 0.9991 103.6 17.90 3211 0.11 102.8 0.158 109.1 0.9999
PSC1.0  0.0027 483 0.9996  47.0 6.96 416 0.95 342  0.008 57.6 0.9961
109 interaction between the carboxylate group and Pb?* ion. Similarly,
1 the binding constant, b, was used to estimate the interaction
108
i between adsorbent and adsorbate (Ma, Chang, Zheng, Zhao, &
107 Ma, 2014). The maximum monolayer adsorption capacities of
106_‘ Pb%* ions were 109.1 and 57.6 mg/g for PSX1.35 and PSC1.0,
i respectively. The Pb?* Qmax values for PSX1.35 and PSC1.0 were
S 1054 competitive with the Pb?" adsorption capacities of other adsor-
g 1 bents from polysaccharides, including xanthate-modified magnetic
o 10 chitosan (76.9 mg/g) (Zhu, Hu, & Wang, 2012); Pb>* imprinted chi-
1034 tosan bead (79.2 mg/g) (Lu, He, & Luo, 2013); thiol-functionalized
1 cotton, wood sawdust, and buckwheat hull (28.67, 43.14 and
102 Y-0.05783+0.00917X  R=0.9999 4484 mglg) (Wu, Cheng, & Ma, 2012); and crosslinked
1014 (@ PSX1.35 ‘@ wm e e carboxymethyl starch (80 mg/g) (Chen, Zhong, & Fang, 2012).
1 ¢, (mglg)
100 T T T T T T T T T T T 1 .
200 400 600 800 1000 1200 1400 4. Conclusion
c (mg/L)
¢ Starch xanthate and starch citrate with porous structures were
i successfully prepared in a simple modification process, owing to
52 the ample specific surface area available for chemical modification
: on PS. Interestingly, Pb?* ions quickly diffused to the functionalized
50 walls (due to the attached xanthate and carboxylate groups) of PS
48_' through the open pore structure. The CD/starch and CA/starch
i mole ratios had a great effect on the adsorption capacity of PSXs
46 and PSCs for the Pb?" ion. This adsorption process could be
5 ] described well by the pseudo-second-order kinetic model and
2 44__ the Langmuir isotherm model. The maximum adsorption capaci-
o 424 % ties of PSX1.35 and PSC1.0 were 109.1 and 57.6 mg/g, respectively.
1 P The innovation disclosed here is starch-based (an environmen-
404 z tally friendly, economical, and renewable bio-resource), scalable (-
38 o] YragmsapanC Feaser suitable for industrial production), and applicable to industrial
. (b) PSC 1.0 S ‘ ‘ ‘ ‘ ‘ applications. The potential applications for modified PS, i.e., PSX
36 oo . f:;g) o e e and PSC, can be extended to wastewater treatment, metal recovery,
" T " T " T " T " T " 1 agri-food, pharmaceuticals, and so on.
200 400 600 800 1000 1200 1400

c (mg/L)

Fig. 5. Adsorption isotherms of (a) Pb?* by PSX1.35 and (b) PSC1.0 at 30 °C. Inset is
the Langmuir model mode for adsorption of Pb?* by PSX1.35 and PSC1.0.

C_ 1 .
qe meax Qmax

where g, (mg/g) is the equilibrium adsorption capacity; c. (mg/
L) is the equilibrium concentration in the solution; Qu.x (Mg/g) is
the maximum adsorption capacity; and b (L/mg) is the binding
constant of Langmuir adsorption.

The Langmuir isotherm plots for PSX1.35 and PSC1.0 are shown
in Fig. 5(a and b), respectively, and the parameters are exhibited in
Table 1. The adsorption of PSX1.35 and PSC1.0 fit the Langmuir
model well because R was very close to 1. In the Langmuir iso-
therm model, b is related to the bonding energy coefficient. The
value of b for PSX1.35 was 0.158 L/mg, which was larger than that
for PSC1.0 (0.008 L/mg) indicating that PSX1.35 had higher affinity
for Pb?* ions than PSC1.0. The chelation interaction between the
xanthate group and Pb?" ion was stronger than the electrostatic

3)
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