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ABSTRACT: Hemicellulose material is an abundant and
relatively under-utilized polymeric material present in
lignocellulosic materials. In this research, an alkaline treatment
was applied to pinewood (PW), switchgrass (SG), and coastal
bermuda grass (CBG) in order to extract hemicelluloses to
subsequently produce a novel biosorbent. Alkaline extraction
at 75 °C recovered 23% of the biomass as a predominantly
hemicellulose material with a number average degree of
polymerization of ~450. These hemicelluloses were grafted
with penetic acid (diethylene triamine pentaacetic acid,
DTPA) and were then cross-linked to chitosan. The effects
of hemicellulose—DTPA concentration, reaction time, and
temperature of reaction with chitosan on the resulting salt
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(sodium chloride, NaCl) uptake and weight loss in saline solutions were determined. A maximum salt uptake for the materials
was ~0.30 g/g of foam biosorbent. The foam biosorbent was characterized by FT-IR spectra, porosity, and dynamic mechanical
analysis. Batch adsorption equilibrium results suggest that the adsorption process for salt follows a second-order kinetic model.
The hemicellulose-DTPA-chitosan foam biosorbent had uptakes of 2.90, 0.95, and 1.37 mg/g of Pb?*, Cu**, and Ni** ions,
respectively, from aqueous medium at initial concentrations of 5000 PPB at pH S. The cross-linked hemicellulose—DTPA—
chitosan material has good potential for environmental engineering applications.
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B INTRODUCTION

Limitations to the availability of clean water are recognized
currently as a global human health threat. At the current growth
rates, the population will be consuming 90% of the available
fresh water by 2025." Moreover, the increasing level of toxic
ionic species that are charged into the environment as industrial
wastes represents a serious threat to human health, living
resources, and ecological systems.

While techniques to remove salt from water have existed for
centuries and the recent years have seen significant advances in
desalination technology, desalinated water remains considerably
more expensive and energy-intensive than fresh water from
existing sources.””*

On the other hand, activated carbon has been the most
popular material for the removal of heavy metals and other
species.”® However, the high cost of this material makes its
application less economically attractive in some low-cost
applications for industrial scale.”

To reduce the operational costs, the search for alternative
materials for environmental engineering has intensified in
recent years.” The technology for the purification of water can
benefit from the utilization of renewable biomaterials with
performance properties comparable to petroleum-based
synthetic materials.
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Hemicellulose has excellent potential for this application.”™"!
Hemicelluloses are branched polymers of low molecular weight
with a degree of polymerization in the range of 80—450."> In
the pulp and papermaking process, on the order of 100s of
millions of tons of hemicellulose may be available worldwide
annually. The chemical modification of hemicelluloses presents
a means for preparing materials with unique properties that can
increase value and utility of these biopolymers."*™'> One such
area of application is super-absorbent hydrogels.'”'® Hydrogels
have attracted significant attention in biomedical applications
because of their high liquid up-take and their stimuli-responsive
swelling—deswelling capabilities without disintegration. They
owe their mechanical stability during swelling to cross-links
introduced between the macromolecular chains that allow for
flexibility but sufficient strength.'"'”'®

Chitosan is also a renewable biopolymer and has been widely
used to prepare natural hydrogels.'”'"'* However, hydrogels
based on chitosan generally lack mechanical stability unless
they are cross-linked and/or reinforced by suitable com-
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pounds.”*® Gabrielii et al.” studied chitosan hydrogels that

contained xylan for reinforcement.

In order to utilize biopolymers to remove impurities from
water, it is important to strongly bond ionic species to the
adsorbent surface. The surfaces of biopolymer adsorption
materials may be covered by functional groups such as amine in
the case of chitosan. Bonds between these simple surface
groups and metal cations, however, are not usually strong.
Therefore, surface functionalization with high affinity binding
such as diethylene triamine pentaacetic acid (DTPA) form very
strong chelates with ionic species and may produce materials
with excellent metal binding properties.”"**

In this study, hemicellulose isolated from wood and grasses
were evaluated with chitosan for use as a foam material that also
possesses desalination and uptake of heavy metals character-
istics. The present investigation details the synthesis and
characterization of such materials and demonstrates their
capabilities to adsorb salts and metal ions. A kinetic model of
salt adsorption on the foams was developed to fit time and
concentration of salt adsorption data adequately. The ability of
the novel gel materials to maintain their water-swollen
condition in the presence of salt and also their unusual ability
to take up salt from an aqueous environment are discussed in
terms of the behavior of polyelectrolyte complexes.

B EXPERIMENTAL SECTION

Materials. Switchgrass (SG) and coastal bermuda grass (CBG)
were harvested in August 2011 from the Cherry Research Farm of the
State Department of Agriculture in Goldsboro, North Carolina, U.S.A.
The materials were stored indoors and allowed to equilibrate for 4
weeks prior to use. Moisture content of the air-dried materials was
measured by oven drying at 105 °C until constant weight was
achieved. Pinewood (PW) from North Carolina was used in this study
as well. Hemicellulose was isolated from different types of biomass by
an alkaline extraction method (Figure S1, pages S1 and S4, Supporting
Information). The chitosan (medium molecular weight, degree of
deacetylation 75—85%), CAS registry number 9012-76-4, was
purchased from Sigma—Aldrich, St. Louis, MO. The following reagent
grade chemicals were also used: sodium hypo-phosphite (SHP), CAS
registry number 123333-67-5; DTPA, CAS registry number 77-92-9;
sodium chloride, and acetic acid, from Fisher Scientific, Fair Lawn, NJ.
Whatman filter paper (quantitative number 4, 110 mm diameter) from
Whatman International Ltd., Maidstone, England, and deionized water
was used throughout.

Compositional Analysis. The moisture contents of the biomass
feedstocks were determined with an infrared moisture analyzer,
Mettler PM100, Toledo, OH, U.S.A. Hemicellulose was determined by
high performance liquid chromatography (HPLC) analysis of
monomeric sugars (glucose, xgrlose, galactose, and arabinose) as
described in our previous work.”

Gel Permeation Chromatography (GPC). The molecular
weights of acetylated hemicellulose were determined by GPC.
Measurements were carried out with a Waters GPC $10 pump
equipped with UV and RI detectors using tetrahydrofuran (THF) as
the eluent at a flow rate of 0.7 mL/min at room temperature as
described in our previous paper.’® Two ultrastyragel linear columns
linked in series (Styragel HR 1 and Styragel HR SE) were used for the
measurements.

Modification of Hemicellulose with DTPA in Solution. A
modified procedure'® that has been demonstrated for citric acid and
hemicellulose materials was utilized herein. In a 250 mL round-
bottomed flask, 1 g of hemicellulose was treated with 0.05 M of DTPA
solution (pH 3.9) in 100 mL in the presence of SHP (10% by weight
on DTPA). The SHP is a catalyst for the reaction. The flask was
equipped with a reflux condenser and immersed in an oil bath. The
reaction mixture was stirred using a magnetic stirrer for 2.5 h at 110 °C
(optimizing condition), followed by cooling in ambient conditions to
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room temperature (1 h). The reaction mixture (clear solution) was
then slowly added to 50 mL of isopropanol in a glass beaker resting in
a water—ice bath, and a white precipitated solid is formed. The solid is
collected by filtration on filter paper using house vacuum and the
product air-dried.

Cross-Linking between Hemicellulose—DTPA and Chitosan.
A chitosan solution was prepared by adding 1 g of chitosan to a
mixture of 99 mL of water and 1 mL of glacial acetic acid. The chitosan
solution was added to 100 mL of a 1% hemicellulose—DTPA solution
in a 250 mL round-bottomed flask. The reaction mixture was stirred
using a magnetic stirrer with the flask placed in an oil bath at 110 °C
for 2.5 h (optimizing condition). Water evaporation was controlled by
the use of a condenser. Following the reaction, the mixture was cooled
to room temperature (1 h), and the hemicellulose—DTPA—chitosan
foam biosorbent product was then formed by freeze drying.

FT-IR Analysis. The spectra were recorded on a NEXUS 670 FTIR
spectrophotometer using a KBr disc containing 10% finely ground
sample particles. All the spectra were obtained by accumulation of 256
scans, with resolution of 4 cm™ at 400—4000 cm ™.

Scanning Electron Microscopy. The morphological character-
ization and elemental analysis (energy dispersive X-ray spectroscopy,
EDAX) of hemicellulose—DTPA—chitosan was performed on images
acquired using a scanning electron microscope (SEM), Hitachi S-
3200N, as described in our previous work.'®

Liquid Absorption Analysis. The sample (approximately 20 mg,
preweighed) was soaked in S0 mL distilled water for 1 h. An aluminum
foil filter circle with holes of approximately 0.5 mm was placed into a
Buchner funnel attached to house vacuum. The contents of the dish
were poured onto the filter foil. The dish was rinsed with about 15 mL
of additional DI water, and this water was also poured into the funnel.
Another foil without holes was placed on top of the sample, and a
mass of 5500 g was applied over an area of 20 cm? for 15 min. This
equates to a pressure of 0.30 kPa. Once water removal ceased, the
sample was lifted off the foil aluminum circle and then weighed to
determine water absorption per gram of sample. Absorption and
weight loss with an aqueous NaCl solution (concentration: 0.3 and
0.9%) was investigated similarly.

Salt Adsorption Experiments. Samples were immersed in known
salt concentration solutions in batch reactors within a temperature-
controlled water bath and removed after predetermined times. Excess
water was removed using the process outlined in the liquid absorption
analysis experimental section. Gravimetric analysis of the resulting
material before and after drying at 105 °C was used to determine salt
adsorbed. Considerations were made to subtract extraneous salt that
existed in free liquid in the pores of the samples.

Dynamic Mechanical Analysis. This was performed with a DMA
Model 2980 (TA, Inc.,, New Castle, DE, U.S.A.) in the film-tension
mode. Sample dimensions were approximately 30 mm length, 10 mm
width. and a 3.5 mm thickness. Samples were heated from —50 to 200
°C at 2 °C/min (static strain of 0.67%, 20 ym amplitude, 1 Hz). Each
sample was measured for length, width, and thickness before
mounting.

Heavy Metal Removal Test. This was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES) available in
the Soil Science Department at North Carolina State University,
Raleigh, NC, U.S.A. The adsorption of heavy metal such as nickel(II),
copper(II), and lead(II) mg/g were studied at different pH values
using switchgrass hemicellulose—DTPA~—chitosan biosorbent at initial
metal ion concentrations of 5000 PPB and 100 PPB. Adjustment of
pH was made with 0.1 N HCI and 0.1 N of NaOH solutions.

B RESULTS AND DISCUSSION

Extraction of Hemicelluloses. One objective of this study
was to extract hemicellulose from readily available sources such
as pinewood (PW), switchgrass (SG), and coastal bermuda
grass (CBG) in a simple way for new applications. Softwoods
like pine, unlike hardwood, have higher lignin content in the
cell wall resulting in a high degree of entrapment of the
polysaccharides. Therefore, these polysaccharides are difficult
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to be extracted by solvent extraction. In this study, lignin was
removed using concentrated NaOH and ethanol, and the
resulting holocellulose solids were then extracted using 10%
NaOH to provide a filtrate rich in hemicellulose (Pages S1 and
S4, Supporting Information).

The precipitates of the filtrate after the addition of ethanol
were collected with a yield of hemicellulose of 23% of dry
biomass for pine comparable to another report on southern
pine of 21%.”> The yields of SG and CBG of 26.39 and 29.1 are
quite similar to those in literature of NREL, 24.4 and 24.8%,
respectively.”® Hemicelluloses are expected to be more readily
extracted in grasses and hardwoods than softwoods due to
different lignin content and structure.*®

The neutral monosaccharide compositions of the three
biomass samples are given in Table 1, with xylose being the

Table 1. Yield and relative content of neutral sugars in the
hemicellulose from grasses and pinewood based on 100g
initial biomass OD and its molecular weight determined by
GPC

pinewood  switchgrass coastal bermuda grass

% on initial OD biomass

arabinose 22 3.1 4.4
galactose 14 0.8 19
glucose 1.3 1.0 0.8
mannose 4.7 0.2 0
xylose 13.5 21.8 22.0
total yield (hemicellulose) 23.1 26.39 29.1
molecular weight for acetylated samples with GPC, THEF as the eluent
M, (g mol™) 79,800 85,710 83,200
M, (g mol™) 20,050 20,670 20,830
PD 3.9 42 4
beet pulp hemicellulose*®
M,, (g mol™) 88,850
M, (g mol™) 10,650
PD 8.34
hemicellulose from aspen wood’
M,, (g mol™) 73,100
M, (g mol™) 48,000
PD 1.52

predominant sugar in all three materials. The weight-average
(M,,) was 79,800, 85,710, and 83,200 g mol™! for PW, SG, and
CBG, respectively (Table 1). Sun et al.*’ have shown the
hemicelluloses extracted from the lignified residue of sugar beet
pulp with 8% NaOH and ethanol at 15 °C for 16 h had a
similar molecular weight of about 88,000 g mol™. Another
study by Gabriellii et al.” has shown the hemicellulose extracted
from aspen wood has as well similar molecular weight of about
73,000 g mol %

Modification of Hemicellulose with DTPA in Solution.
A simplified reaction path expected for the reaction of DTPA
with the hemicelluloses is shown in Figure S2 of the Supporting
Information. The DTPA addition increased the carboxyl
content of the carbohydrate as expected. The degree of
substitution (DS) was calculated from titration as described
elsewhere.'®

The DS of the hemicellulose using SG of 1.39 was somewhat
higher than coastal Bermuda grass or pinewood (Table S1,
Supporting Information). It was observed that the use of the
catalyst SHP increased the degree of substitution of the
chemical reaction and yield relative to reaction without the
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catalyst (data not shown). This can be explained because the
sodium hypophosphite catalyzer enhances production of the
anhydride functionality formed from the carboxyl group of
DTPA.

Analysis of the FTIR data in Figure S3 of the Supporting
Information for hemicellulose showed an absorption band in
the 1200—1000 cm™ region typical for xylose. This region is
dominated by ring vibrations overlapped with stretching
vibrations of C—OH side groups and the C—O—C glycosidic
bond vibration. A strong broad peak due to hydrogen-bonded
hydroxyls appears at 3414 cm™". In the DTPA spectrum, it is
possible to observe a C=0 band centered at 1712 cm™" due to
carboxylic acid. When hemicellulose is reacted with DTPA,
peaks appear at around 1600, 1480, 140, and 1230 cm™' and
between 1280 and 1050 cm™), attributable to the characteristic
stretching band of carboxylate and esters groups. Also, the
decrease in the peak at 3414 cm™' qualitatively indicates the
conversion of hydroxyl to esters. New peaks appear at 3030 and
2780 cm™" attributable to the OH of carboxylic acids.

Hemicellulose—DTPA and Chitosan Absorption Prop-
erties. The water and saline absorption properties of the
hemicellulose—DTPA (from PW, SG, and CBG, separately)
and chitosan material before and after reaction at 1:1 mass ratio
(t=2.5h, T =110 °C) are shown in Table 2. The results of the

Table 2. Properties of Hemicellulose—DTPA—Chitosan and
Others Materials®

water and saline absorption

weight loss (%) at 1 h (g/g)
NaCl NaCl NaCl
sample water (0.3%) water (0.3%) (0.9%)
hemicellulose, 13+3 9+2 1+0 1+0 2+0
SG
hemicellulose, 10+1 7+1 1+0 1+0 2+0
14%%
hemicellulose, 13+1 9+2 1+0 1+0 2+0
CBG
chitosan, CS 49 +2 43+1 7+0 8+0 9+0
HC-DTPA, SG 17+ 1 13+2 4+1 3+2 S+1
HC-DTPA- 9+2 -7+1 23+ 1 23+2 27 +2
CS, SG
HC-DTPA- 10+ 2 -S+2 20+ 1 19+3 27 +2
CS, PW
HC-DTPA- 9+2 =7+0 23+0 23 +1 28 + 4
CS, CBG
commercial SS+1 S0+1 2+0 2+0 3+0

cellulose foam

“Average and standard deviation are reported for three tests of each
sample. PReaction conditions: hemicellulose—DTPA to chitosan mass
ratio 1:1, t = 2.5h, T = 110 °C.

HC—DTPA—CS are similar for all three hemicellulose sources.
The HC—DTPA—CS materials have significantly higher water
and saline absorption and lower weight loss than the individual
components alone. The decrease in weight loss indicates that
the cross-linking occurring during the HC—DTPA reaction
with CS develops a more complete network and thus less
dissolution of the foam material. Further, a negative weight loss
for HC—DTPA—CS after exposure to saline solution indicates
that the foam is strongly absorbing salt from the solution.
Because the behavior of the HC—DTPA—CS material for all
three hemicellulose sources was so similar, further detailed
inspection of the SG hemicellulose alone was carried out in the
following research. However, this is unlike a conventional
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super-absorbent, which absorbs less saline solution than pure
water. This increased saline absorption was also accompanied
by other changes in the degree of weight loss of the foam when
compared to commercial super-absorbents.

Effect of Reaction Time. A schematic of the reaction
between SG hemicellulose—DTPA and chitosan is shown in
Figure S4 of the Suppporting Information. The reaction time
(0.5—2.5 h) was investigated with the following held constant:
hemicellulose—DTPA/chitosan ratio of 1:1, pH 3.9, and T =
110 °C. The FT-IR spectra of hemicellulose, hemicellulose—
DTPA, and hemicellulose—DTPA—chitosan are shown in
Figure 1. Analysis of the FT-IR data for the foam showed a

Hemicellulose (HC)
40

HC-DTPA
After reactionand

~..__ dialysis
NG e

_C-0: stretching vibrations
. 1480 cm!

30 7
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Figure 1. FTIR spectra of hemicellulose, hemicellulose—DTPA,
chitosan, and hemicellulose—DTPA—chitosan after reaction.

new peak at 1716 cm™), attributable to the characteristic

stretching band of carbonyl groups in an amide bond of
hemicellulose DTPA cross-linked with chitosan.* This is in
agreement with the hemicellulose—DTPA being linked to
chitosan via reactions between amine groups of chitosan and
carboxylic groups of hemicellulose—DTPA. This supports the
notion that hemicellulose—DTPA and chitosan are covalently
cross-linked to some extent.

SEM images reveal the structure of the hemicellulose—
DTPA—chitosan foam as being a connected three-dimensional
structure with a continuous connected open cell foam pore
structure (Figure 2). The hemicellulose—DTPA—chitosan SEM

images reveal a finer pore structure when compared to the
hemicellulose—chitosan material.

The water and saline absorption increased with increasing
reaction time for the materials (Table 3). Also, the weight loss
decreases with reaction time, indicating a more completely
cross-linked structure (Table 3). The strength of these products
at reaction temperature 90 °C was very low, and the foam
products collapsed when immersed in water. It is thought that
the anhydride formation involved in the reaction is not
sufficient at the lower temperature.

Effect of Hemicellulose—DTPA Concentration to
Chitosan Ratio. To investigate the effect of the ratio of
switchgrass hemicellulose—DTPA to chitosan, the concen-
tration of switchgrass hemicellulose—DTPA was varied, and the
amount of chitosan was fixed. It was determined from titration
that the switchgrass hemicellulose-grafted DTPA had approx-
imately 835 mequivalents per 100 g of material, and the
chitosan had 525 mequivalents (amine) per 100 g of material.
The effects of the ratio of hemicellulose—DTPA to chitosan on
the absorption of the resulting foams are shown in Table 4. The
water and saline absorption increases with increased hemi-
cellulose—DTPA to chitosan ratio, in accordance with the
increased hydrophilic carboxylic acid content.

Sodium chloride appears to form a complex with hemi-
cellulose—DTPA—chitosan. This is evidenced by the con-
ductivity of the saline solution before and after the soaking of
the foam (Figure SS, Supporting Information. The decrease in
conductivity indicates a decrease in sodium and chloride ion
concentration in the solution. To further elaborate on the
interaction of hemicellulose—DTPA—chitosan with the saline
solution, the salt was detected in the foams by SEM/EDAX
after an absorption equilibration experiment and drying the
sample. A large number of nodules are noted in the SEM
photomicrograph (Figure S6, Supporting Information). The
EDAX spectrum of the small surface nodules indicates a high
content of salt uptake.

Mechanical Properties. The dynamic mechanical analysis
results related to the tensile modulus of switchgrass hemi-
cellulose DTPA—chitosan foam and switchgrass—hemicellu-
lose—chitosan blend are shown in Figure S7 of the Supporting
Information. The storage modulus of hemicellulose—DTPA—
chitosan foam was significantly higher than that of the
hemicellulose—chitosan foam, and the tan delta (tangent of
E''/E/, where E is the elastic modulus) is lower, in agreement
with increased cross-linking** of the hemicellulose—DTPA to
chitosan relative to the hemicellulose to chitosan. Two

Figure 2. SEM images of a simple blend of switchgrass hemicellulose and chitosan foam (left) and hemicellulose—DTPA—chitosan foam-based

materials after reaction (right).
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Table 3. Effect of Reaction Time on the Properties of Foam Based on Switchgrass Hemicellulose—DTPA—Chitosan

HC—DTPA—CS reaction time (h) at T = 110 °C

05 0.00930
1 0.00939
LS 0.00956
2 0.00969
2.5 0.00978

apparent density (g/cm®)

weight loss (%), 1 h absorption (g/g)

void fraction water NaCl (0.3%) water NaCl (0.3%)
0.9937 32+ 4 27 £ 2 9+1 10+ 3
0.9945 30+ 3 27 +1 14 +2 10+ 1
0.9960 24 + 1 1S+3 17 +2 19+1
0.9972 13+1 -10 £ 2 22 +1 25+3
0.9980 8§+2 —24 + 4 29+ 3 34 +5

Table 4. Effect of Concentration Hemicellulose—DTPA on
Properties of Foam Based on Switchgrass Hemicellulose—
DTPA—Chitosan

absorption (g/g)

apparent

ratio HC—DTPA:CS at densitzf void NaCl
T =110 °C, t = 2.5hrs (g/cm’) fraction  water (0.3%)
0.2 0.00946 0.9951 8§+1 10 £ 2
0.5 0.00959 0.9963 7+2 10+1
0.8 0.00968 0.9971 18 +2 211
1 0.00978 0.9980 29+ 3 34 +4
12 0.00972 0.9975 32+3 34+3

“Reaction time =2.5 h, T = 110 °C. *Hemicellulose extracted from SG,
M,, = 85,710 g/mol

transitions are apparent in both materials. The first transition
spans from 0 to 50 °C and the second from 100 to 200 °C.

Kinetics of Adsorption. The effect of temperature on
adsorption of NaCl (g = g NaCl/kg foam) by hemicellulose—
DTPA—chitosan at pH 3.9, cross-linking ratio 1, and initial
concentration of 3 g/L is shown in Figure S8 of the Supporting
Information. These results are based on gravimetric measure-
ments of the foams after absorption. The reported values are
only the salt interacting with the foam material; extraneous free
salt in the free water existing in the foam after the absorption
time has not been included in these values. The majority of
NaCl uptake of the foams occurs rapidly, within 5 min. The
time to reach equilibrium adsorption decreases with increasing
temperature. The time to reach 95% of the adsorption
equilibrium value is 100, 60, and 35 min at 25, 45, and 55
°C, respectively. Thus, the rate of adsorption dg/dt increases
with temperature, indicating a kinetically controlled process.
Also, the equilibrium amount of salt adsorption increases with
increased temperature. An increase in the initial salt
concentration leads to an increase in the adsorption capacity
of the salt concentration on foam materials (Figure S9,
Supporting Information).

Rate Constant Studies. In order to investigate the
mechanism of salt adsorption, the pseudo first-order and
pseudo second-order equations were used to model the effects
of time, initial salt concentration, and temperature. The
correlation coeflicients for the first-order kinetic model
(Figures S10 and S11, Supporting Information) are low
compared to the second-order model fits (Figures S12 and
S$13, Supporting Information).

The second-order kinetic model® is expressed in eq 1 as

t_ 1 ¢

2

q  kyq;

1.

(1)

where q. and q (g NaCl/kg foam) are the amounts of salt
adsorbed on adsorbent at equilibrium and at time t (min),
respectively, and k, (kg/g per min) is the rate constant of
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second-order adsorption. The slopes and intercepts of plots of
t/q versus t were used to calculate the second-order rate
constant k, and g, The straight lines in plot of t/q versus ¢
show a good agreement of experimental data with the second-
order kinetic model for different initial salt concentrations
(Figure S12, Supporting Information). The similar straight line
agreements are also observed for data at different temperature
(Figure S13, Supporting Information). Table S lists the

Table 5. Second-Order Adsorption Rate Constants and
Calculated and Experimental g, Values

second-order kinetic model

parameters g, exp (g/kg)  k; (kg/g per min) g, cal (g/kg) R
initial concentration (g/L) at T = 25 °C
3 (g/L) 362.05 1.30 x 1073 384 1
6 (g/L) 671.53 7x107* 714.28 1
12 (g/L) 3549.3 4.5 x 107 3333 1
temperature (°C) at C = 3 g/L
25 (°C) 373 130 X 1073 384 1
45 (°C) 412 1.52 x 1073 416 1
55 (°C) 450 2.1 x 1073 454 1

computed results obtained from the second-order kinetic
model. The correlation coeflicients for the second-order kinetic
model are equal to 1 for almost all the cases. Also, the
calculated g, values also agree with the experimental data.

Because the foam has a relatively high equilibrium adsorption
density g, the adsorption rates become very fast, and the
equilibrium times are short. Such short equilibrium times
coupled with high adsorption capacity indicate a high degree of
affinity between salt and the cross-linked foam. Assuming an
Arrhenius behavior of the rate constant k, on temperature T the
activation energy E, can be determined (eq 2)

K. = A¢ Ea/RT
, =

@)
where R is the gas constant.

The rate constant k, at different temperatures (25, 45, S5
°C) was applied to estimate the activation energy of the
adsorption of salt on the foams. The slope of plot of In k,
versus 1/T was used to evaluate E,, which is 11.86 kJ/mol for
the adsorption of NaCl on the foam cross-linked in the
temperature range of 25—55 °C. This activation energy is less
than the reported value of chitosan with heavy metals,*® but
significant differences exist between these two systems.

Interpretation of Swelling and Salt Sorption Effects.
The observed ability of the gel materials described in this article
to maintain and even to increase their degree of swelling with
aqueous solution with increasing levels of salt and also their
unusual ability to take up salt ions from solution can be
understood in terms of established principles, including ion
exchange, the Donnan equilibrium, osmotic effects, and the so-
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called “antipolyelectrolyte effect” describing how salinity can
affect the behavior of polyelectrolyte complexes.””™>?

To account for the observed substantial uptake of saline
solution, resulting in a degree of swelling exceeding that
obtained in the case of deionized water, two principles should
be emphasized. First, both of the types of polyelectrolytes
employed in this work are highly hydrophilic due to their
multiplicity of ionizable groups. In a sense, the presence of both
acidic and basic groups in the same formulation implies two
important potential contributions to hydrophilic character.
Bound ions within a typical super-absorbent gel, when in the
presence of a salt-free continuous aqueous phase, create an
imbalance of ionic strength. The bound ionic groups within the
gel structure are not matched by a corresponding concentration
of ionic groups in the bulk phase, if the salinity is very low. In
principle, such an imbalance can be partly resolved either by
ion-pair formation,”** swelling of the gel due to osmotic
pressure,””*>*¢ or development of relative pressure within the
gel>”?® A gel that contains both cationic and anionic
dissociable groups as a polyelectrolyte complex represents a
special case because salt ions tend to weaken the pairwise
associations between the acidic and basic groups. Thus, instead
of causing progressive collapse of the gel, a moderate level of
salt has the potential to increase swelling of such a gel. In the
present case, the respective chains are loosely cross-linked with
a relatively high content of ionized groups (both positive and
negative). A weakening of the ion-pair associates within the
polyelectrolyte complex, resulting in dissociation of those
bound groups, helps to explain why the observed swelling levels
in the presence of salt were able to exceed those that frequently
have been reported in the case of super-absorbent hydrogels
comprising only one sign of dissociable group.*® By contrast, in
the absence of salt, the polyelectrolyte complexation helps hold
the gel in a tight densely packed state and to lessen the
importance of the osmotic effects.

Ion exchange is a process by which the counterions
associated with bound charges in a gel (or other substrate)
are replaced by like-charged ions.*>*! Situations giving rise to
ion exchange can include differences in the affinity of different
ions for the sites of adsorption or a higher concentration of the
replacing ion.** Efforts to take up monovalent species from
aqueous solution pose a particular challenge because the
binding ability of such ions is typically weak in comparison to
multivalent ions of the same charge.*> The gels considered in
this work represent a special case because they were formed by
an acid—base interaction, leaving the composition relatively free
of counterions within the gel structure.’”** When a sufficient
concentration of salt, such as NaCl, is added to the biosorbent,
the polyelectrolyte complex becomes weakened, allowing
monomeric ions such as Na" and CI” to associate with the
bound ionizable groups. This explains why the salt ions will
tend to remain in the gel material even if it is squeezed. The
overall process can be represented as shown in eq 3, where the
dashed line represents the initial ion-pair associations within the
polyelectrolyte complex.

RCOO - — =" NH;R' + NaCl

— RCOO Na* + R'NH,;*CI” ()

As shown, upon addition of saline solution the initial ion-pair
associations can be effectively replaced by interactions with the
monomeric ions, taking advantage of the fact that the higher
ionic strength conditions tend to loosen the structure of the
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polyelectrolyte complex. This is a unique behavior relative to
typical super-absorbent materials, and one can expect that
applications of such behavior will be revealed in future studies.

Heavy Metal Uptake. The adsorption of heavy metal such
as nickel(II) and copper(Il) and lead(II) were studied at
different pH values using switchgrass hemicellulose—DTPA—
chitosan foam at initial metal ion concentrations of 5000 PPB
(mg/g) and 100 PPB (mg/g) (Table 6). Adjustment of pH was
made with 0.1 N HCI and 0.1 N of NaOH solutions.

Table 6. Adsorption of Heavy Metals at Different pH Values
Using Switchgrass Hemicellulose—DTPA—Chitosan Foam

pH 4 pH S

initial metal initial metal

loading of initial metal loading of initial metal
Heavy 5000 PPB loading of 100 5000 PPB loading of 100
metal (mg/g) PPB (mg/g) (mg/g) PPB (mg/g)
Pb(II) 2.40 0.20 2.90 0.18
Cu(11) 117 0.07 095 0.07
Ni(ID) 1.20 0.10 1.37 0.14

The results indicate that the maximum uptake of Cu(II) ions
takes place at pH 4, while the maximum uptake of Ni(II) ions
occurs at pH 5. Moreover, the foam material showed that it has
high selectivity for Pb** and could bind 2.9 mg/g at pH 5. The
low level of metal ion uptake by the biosorbent at lower pH
values could be attributed to the increased concentration of
hydrogen (H") ions, which compete along with metals ions for
binding sites on the foam. At pH values above the isoelectric
point, there is a negative charge on the surface, and the ionic
point of ligands such as carboxyl groups are free to promote the
interaction with the metals. This would lead to electrostatic
attractions between positively charged (metals) and negatively
charged binding sites. Note that the adsorption of the divalent
ions in Table 6 are much lower than those for the monovalent
ions in Table S.

End of life options need to be further researched but some
possibilities are listed here. It is expected that the material could
be regenerated using electrolysis as described for chitosan with
EDTA by Gyliene et al*® Also the material, because it is
organic, could be burned in a sanitary combustion process
resulting in a concentrated metal stream. For nonhazardous
metals, the material could be disposed of in landfills or
incorporated into a product that could tolerate it at reasonable
loadings, such as paper, concrete, or gypsum wall board, for
instance.
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