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The nitrate removal process was evaluated using a fixed-bed column packed with amine-crosslinked
wheat straw (AC-WS). Column sorption and desorption characteristics of nitrate were studied exten-
sively. Solid-state 1>C NMR and zeta potential analysis validated the existence of crosslinked amine groups
in AC-WS. Raman shift of the nitrate peaks suggested the electrostatic attraction between the adsorbed

ions and positively charged amine sites. The column sorption capacity (g.q) of the AC-WS for nitrate was

Keywords:
Nitrate

Column
Desorption
Raman spectrum
Wheat straw

capacity.

87.27mgg ! in comparison with the raw WS of 0.57 mgg~'. Nitrate sorption in column was affected by
bed height, influent nitrate concentration, flow rate and pH, and of all these, influent pH demonstrated
an essential effect on the performance of the column. In addition, desorption and dynamic elution tests
were repeated for several cycles, with high desorption rate and slight losses in its initial column sorption

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The wastes of the production in pharmaceuticals, fertilizer, food
service, and explosive industries are nitrate bearing wastes [1].
Oxides of nitrogen, such as nitrate and nitrite are common pollu-
tants in closed surface water systems and ground water. The release
of nitrogenous compounds from wastewaters to the environment is
undesirable because it provides an excess of nutrients in the natu-
ral water bodies and accelerates eutrophication. What's more, high
concentrations of N-containing compounds in drinking water cause
health problems such as cyanosis among children and cancer of
the alimentary canal [2,3]. Therefore, removal of nitrate and nitrite
from water is of significant important from the environmental and
health point of view.

Despite the environmental and health benefits of limiting
nitrate and nitrite release, there is a continuous need to sup-
ply nitrogen to agriculture and industry. Thus, development of
treatment methods that facilitate the removal of nitrate from
wastewaters prior to discharge into natural waters is required.

In wastewater treatment technology, various techniques for the
removal of nitrate and nitrite from water have been reported in
a number of publications. These include biological denitrification
[4,5], chemical reduction [6], electrodialysis [ 7], bioelectrochemical
[8]and adsorption [9,10]. Of all these, adsorption is well recognized
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as one of the simplest and safest methods used for the removal of
nitrate from wastewater. Recently, numerous attempts have been
made in finding inexpensive and effective adsorbents produced
from agricultural by-products. Studies showed that many materi-
als, such as sugarcane bagasse, peanut hull, sawdust, coconut husk
and pine bark could be modified into anion exchangers and utilized
for this purpose [11-15]. The agricultural by-product represents
a potential alternative as an adsorbent because of its particu-
lar properties such as its chemical stability and high reactivity,
resulting from the presence of reactive hydroxyl groups in cellu-
lose/hemicellulose chains [16,17].

In our previous work for preparation of the adsorbent, the ami-
nated intermediate method was presented, which comprised first
preparation of the aminated intermediate by reaction of epichloro-
hydrin with triethylamine, and then introduction of the aminated
intermediate into the agricultural by-products in the presence
of a catalyst [18]. In this work, a new kind of adsorbent was
prepared from wheat straw (WS) by WS crosslinked first. The
amine-crosslinked wheat straw (AC-WS) was measured by zeta
potential, solid-state 13C NMR and Raman spectrum techniques
and the physicochemical and sorption properties of the adsorbent
were characterized. Sorption characteristics of AC-WS in fixed-bed
column were studied by varying the influent conditions in the con-
tinuous system such as bed height, influent nitrate concentrations,
flow rates and influent pH. What’s more, desorption and dynamic
elution tests were repeated in four sorption-desorption cycles to
evaluate the regeneration property of AC-WS using HCl as the des-
orption agent.
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2. Materials and methods
2.1. Materials

WS was obtained from Liao Cheng, Shandong, China. The raw
WS was pretreated in the biomass pool for three months so that the
intertwined cellulose, hemicellulose and lignin chains in WS could
be degraded. The fermented WS was washed with water, dried at
60°C for 6 h and sieved into particles with diameters from 100 to
250 wm.

2.2. Preparation of AC-WS

Ten gram of WS was reacted with 10 ml of epichlorohydrin and
9 mlof N, N-dimethylformamide in a three-neck round bottom flask
at 85 °C for 60 min. Three millilitres of ethylenediamine was added
and the mixture was stirred for 45 min at 85 °C, followed by adding
9 ml of triethylamine for grafting and stirring for 120 min at 85°C.
The product was washed with 250 ml of distilled water to remove
the residual chemicals, dried at 60°C for 12 h and sieved to obtain
particles smaller than 250 pm in diameter.

The synthetic reactions for the anion exchange resins utiliz-
ing WS as a starting material are depicted in Fig. 1. As is shown
in Fig. 1, the synthetic reactions are the chain reactions between
the cellulose/hemicellulose chains and side chains of different
grafting chemical reagents. The synthetic reactions have been
separated into three steps. In the first step, epichlorohydrin is
attached to the cellulose/hemicellulose chains and forms the side
chains after the reaction with hydroxyl, producing the epoxy cellu-
lose/hemicellulose ethers [12,13]. The epoxy ethers are hydrolyzed
and then the chains are cross-linked with ethylenediamine to
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Fig.1. Chainreaction between cellulose/hemicellulose chains and grafting chemical
reagents.

produce diamine cellulose/hemicellulose ethers [18,19]. In the
third step, the triethylamine is grafted onto the diamine cellu-
lose/hemicellulose ethers and form the triethyl ammonium sites
in an excess of epichlorohydrin [20].

2.3. Solid-state 3C NMR, zeta potential and Raman spectroscopic
analysis

Solid-state 13C NMR spectra have been used in our previous
work [21]. Solid-state 13C NMR spectra were acquired at room tem-
perature on a Varian 400 Unity Inova spectrometer operating at
100.57 MHz and equipped with a 4mm probe-head. All 13C spec-
tra were recorded under magic angle spinning (MAS) conditions at
a spinning speed of 14 kHz. Improvements in the signal-to-noise
ratio were gained using cross-polarisation (CP) to transfer magne-
tization from proton to carbon. CP experiments were performed
using a 2 s recycle delay and a 1000 s contact time.

Zeta potential measurements were carried out using a micro-
electrophoresis apparatus (JS94H, Shanghai Zhongchen Digital
Technical Apparatus Co., Ltd, China). The AC-WS or WS samples
were prepared in 25 ml of distilled water containing 0.1 g of AC-
WS or WS. In addition, the nitrate-loaded AC-WS samples were
prepared by maintaining the suspension contained with 0.1g of
AC-WS and 100 mg1-! nitrate. The initial pH of the suspensions was
adjusted between 2 and 12 and they were mixed for 24 h. Then, the
zeta potential of the samples and final pH of the suspension was
measured.

Raman spectroscopic analysis was performed to provide
insights into the mechanisms of nitrate interactions with AC-WS.
In the Raman analysis, 0.1 g AC-WS was placed in 50 ml of nitrate
solution with concentration of 0.5moll~!. The wet solid sam-
ples and nitrate of potash solution (0.5moll-1) were analyzed
by Raman spectroscopy (Nicolet Almega XR Dispersive Raman,
Thermo Electron Corporation, USA). The laser wavelength used in
Raman measurement was 1050 nm.

2.4. Column sorption tests

A fixed-bed column with 200 mm length and 12 mm diameter
was used in the column sorption/desorption tests. Sorption char-
acteristics of AC-WS in fixed-bed column were studied by varying
the bed height (1.0, 1.5 and 2.5 cm), influent nitrate concentrations
(80,120,200 and 300 mg1-1), flow rates(3.3,5,10and 15 ml min—!)
and influent pH (2.21,4.97,7.15,10.16 and 11.89), respectively. The
effluent solutions were collected, and every 10 ml was selected as
a sample to determine the residual concentrations in the effluent
solutions. The flow to the column was continued until the effluent
nitrate concentration (C;) approached the influent concentration
(Co), Ct/Co=0.98. Nitrate solutions were prepared by high purity
water, and its normal pH value is about 5.12. The nitrate con-
centration was determined spectrophotometrically according to
the Brucine-sulfanil colorimetric method, using a UV-visible spec-
trophotometer (model UV754GD, Shanghai).

The column sorption capacity (g.y) was calculated by the equa-
tion expressed as:

coVo = > Cnln
m

(1)

Ged =
where q,4 is the amount of nitrate sorption per gram AC-WS at
saturation (mgg-1), ¢, is the original concentration (mgl-1), V, is
the total volume of the influent solutions (L), ¢, is the concentration

of sample n (mgl-1), and vy, is the volume of sample n (L), m is the
amount of AC-WS (g).
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2.5. Desorption tests in column

Regeneration of the AC-WS as well as recovery of adsorbate
material was achieved by eluting the hydrochloric acid (HCI)
solution through the exhausted column. The sorption-desorption
cycles were carried out for four times. The eluted nitrate concen-
trations and the g4 in each cycle were calculated.

3. Results and discussion
3.1. Characteristics of AC-WS

3.1.1. Solid-state 3C NMR spectra of WS and AC-WS

Fig. 2 shows the solid-state 13C NMR spectra of WS and AC-WS.
The spectra of cellulose/hemicellulose chains in WS are dominated
by the set of resonances in the region between 60 and 120 ppm
[22]. As seen in Fig. 2a, a set of five distinct peaks were present.
The intense peak at 105, 84 and 64 ppm is assigned to C-1, C-5 and
C-6 carbons in cellulose chains and 103, 82 and 62 ppm correspond
to C-1, C-5 and C-6 carbons of hemicelluloses (cellulose and hemi-
celluloses use the same monomer in Fig. 2a). The intense peaks at
73 and 75 ppm are overlapping signals due to the C-2, C-3, and C-5
carbons of all polysaccharides [23-25].

Solid-state 13C NMR spectra of AC-WS are shown in Fig. 2b.
Enlargement of amine carbon peaks (30-60 ppm) are observed in
spectra of AC-WS as compared to the spectra of WS, which is the
result of the presence of the carbons of -CH,N- and -NCH3. The
central chemical shifts for the peaks of ~-CH,N- and -NCH3 are
located at 52 ppm and 35 ppm, respectively. Nevertheless, these
signals are accounted together with the carbons of celluloses and
hemicelluloses, which make it difficult to quantify each component
[24].

3.1.2. Zeta potential analysis
Zeta potentials of WS, AC-WS and nitrate-loaded AC-WS as a
function of pH are shown in Fig. 3. The zeta potentials of WS samples
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Fig. 2. Solid-state '3C NMR spectra of WS and AC-WS.
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Fig. 3. Zeta potentials of WS, AC-WS and nitrate-loaded AC-WS as a function of pH.

decrease from 2.2 mV to —46.3 mV as the initial pH of the suspen-
sions increases from 2.0 to 12.0. In contrast with the WS samples,
the zeta potentials of AC-WS are in the range of —7.0 to +35.3 mV in
designed pH range; this indicates the existence of positive-charge
functional groups on the framework of AC-WS. The decrease in zeta
potentials of these samples as a function of pH could be attributed
to the pH-dependent functional groups existing in WS and AC-WS,
such as hydroxyl and carboxyl groups. These groups will exhibit
a greater negative charge as the pH increases and result in the
decrease of the positive charge in WS and AC-WS.

A slight decrease in zeta potentials of nitrate-loaded AC-WS
is observed as compared to those of AC-WS. The removal of
nitrate involves exchange of nitrate with chloride on the AC-WS.
The decreased zeta potential in nitrate-loaded AC-WS could be
attributed to displacement of chloride anion by an adsorbed nitrate
anion due to steric effects [26]. Similar result was reported in the
work of Yoon for the sorption of perchlorate by resin and active
carbon [26].

3.1.3. Raman spectrum

Fig. 4a-c, present the Raman spectrums of nitrate solution, AC-
WS and nitrate-loaded AC-WS, respectively. Appearance of peaks
at 2800-3000, 1590-1620 and 1450-1470 cm~! are the character-
istic peaks of cellulose/hemicellulose chains in AC-WS [27]. A new
peak at 1043.3cm! is observed in the spectrum of nitrate-loaded

a Nitrate solution
b AC-WS
¢ Nitrate loaded AC-WS
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Fig. 4. Raman spectrums of nitrate solution, AC-WS and nitrate-loaded AC-WS.
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Fig. 5. Effect of bed height and influent concentration on the breakthrough curves.
height: 1.0 cm, influent pH: 5.12, flow rate: 5 mlmin~!.

AC-WS as compared to that of AC-WS, attributed to the adsorbed
nitrate on the surface of AC-WS.

Nitrate in a 0.5moll~! of nitrate of potash solution has a char-
acteristic peak at 1048 cm~! (Fig. 4a). Oliveira reported a peak at
1049 cm~! for an aqueous nitrate solution (0.5 mol1-1 of NaNO3)
[28]. It is observed that the peak in the spectrum of adsorbed
nitrate agrees with the characteristic peak of the free nitrate ion
in solution, indicating that there is no strong chemical interaction
between the adsorbed nitrate and the AC-WS [26,29]. It suggests
that nitrate is adsorbed onto the AC-WS surface through electro-
static attraction between the nitrate ions and the positively charged
amine sites. Therefore, the peak assignments of nitrate solution and
adsorbed nitrate in AC-WS are both free anions and the mecha-
nism of nitrate species sorption by the AC-WS may be proposed as
in Eq. (2).

R-N*(CH,CHj3)3...Cl" + NO3~ — R-N*(CH,CH3);...NO3~ + CI~
(2)

3.2. Column sorption tests

When the sorption zone moves up and the upper edge of this
zo ne reaches the bottom of the column, the effluent concentra-
tion starts to rise rapidly. This is called the breakthrough point.
The desired breakthrough point is determined to be 0.1 C:/Cp.
The point where the effluent nitrate concentration reached 95%
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0.6
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——200mg L'
——300mg L'
0.0 Mt L L L
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(a) Influent concentration: 200 mg1-', influent pH: 5.12, flow rate: 5mlmin~'; (b) bed

(Ct/Cp=0.95) of its influent value is called the point of column
exhaustion [30].

3.2.1. Effect of bed height on the column sorption of AC-WS and
WS

The results in Fig. 5a present the column sorption of AC-WS and
WS at different bed heights. The mass for 1.0, 1.5 and 2.5 cm of bed
heights are about 1.0g, 1.5g and 2.5g of AC-WS and 0.8, 1.2 and
2.0 g of WS, respectively. The influent solution was infused into the
fixed bed column with nitrate concentration of 200 mg P1-! and
flow rate of 5mlmin~1.

The WS’s column sorption capacity for nitrate can be negligible,
and the q,q are about 0.570, 0.532 and 0.542 mg g~! for bed heights
of 1.0, 1.5 and 2.5 cm, respectively. Results shown in Fig. 5a indi-
cate that the nitrate sorption capacity of AC-WS has been greatly
enhanced in contrast of that of WS. The volumes of influent solu-
tion obtained for the three different bed heights at breakthrough
point show that the rate of movement of the sorption zone is rapid
for the smallest bed height. The movement of the sorption zone
becomes reduced when the bed height is increased. As the nitrate
solution continues to flow into the column, the exhaustion point
on the S-shaped curve gradually approaches its exhaustion value,
and it is observed that the bed volumes at the breakthrough and
exhaustion points both increase as bed height increases. When the
effluent nitrate concentration reaches the influent concentration,
the calculated g.4 of AC-WS for different bed heights (1.0, 1.5 and
2.5cm) are 87.27, 86.34 and 87.16 mgg~!, respectively. Although
an increased bed height corresponds to the increase in bed volume,
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Fig. 6. Effect of flow rate and influent pH on the breakthrough curves. (a) Influent concentration: 200 mg1-1, influent pH: 5.12, bed height: 1.0 cm; (b) influent concentration:

200mgl-', bed height: 1.0 cm, flow rate: 5mlmin-'.
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influent concentration: 200 mg1-1, bed height: 1.0 cm, flow rate: 5mlmin—".

it is observed that effect of bed height on the g.; of AC-WS can be
negligible as the bed height increases from 1.0cm to 2.5 cm.

Based on the discussion above, 1.0 cm of bed height (1.0g of
AC-WS) is selected in the following column tests.

3.2.2. Effect of influent nitrate concentration on the breakthrough
curves

The breakthrough curve C;/Cy versus breakthrough volume
treated with various initial nitrate concentrations is shown in
Fig. 5b. The larger initial influent concentration, the steeper is
the slope of breakthrough curve and smaller is the breakthrough
volume. These results demonstrate that the change of influent con-
centration affects the saturation rate and breakthrough time, or
in other words the diffusion process is concentration dependent
[31]. As the influent concentration increases, nitrate loading rate
increases which results in decrease of driving force for mass trans-
fer for a fixed sorption zone length.

The g.q of AC-WS for different initial influent concentrations
(80, 120, 200 and 300mgl-1) are about 86.6, 84.3, 87.27 and
87.47mgg1, respectively; this indicates that the influent concen-
tration has little effect on the g,4 of AC-WS. Although breakthrough
time is significantly decreased with the increase in influent nitrate
concentration, the g,4 of AC-WS at higher initial concentration is
still enhanced by concentration gradient with more nitrate ions
adsorbed. Similar result was reported in the work of Goel [32] for
the adsorption of lead (II) by treated granular activated carbon.

3.2.3. Effect of flow rate on the breakthrough curves

The experiments were conducted at bed height of 1.0 cm, at con-
stant influent concentration of 200mg1-!, with flow rate ranging
from 3.3 to 15mlmin~'. Results of experiments on effect of flow
rate are shown in Fig. 6a, which shows that breakthrough volume
decreases from 345 to 227 ml, as flow rate increases from 3.3 to
15mlmin—!. The results indicate that a decrease in flow rates at
constant influent concentration of 200 mgl-! increases the break-
through volume or breakthrough time due to an increase in empty
bed contact time (EBCT). The lower the EBCT, the less effective
the diffusion process becomes, resulting in lower column sorption
capacity for nitrate [30,31]. Thus, the packed AC-WS needs more
time to bond the nitrate ions efficiently. In addition, increase in the
flow rate causes increase in zone speed, resulting in a decrease in
the time required to achieve breakthrough.

A decrease in g,y of AC-WS from 88.18 to 82.29mgg™! is
observed as the flow rate increases from 3.3 to 15 mlmin~!. This
corresponds to the decrease in the breakthrough volume from 345
to 227 ml. Based on the discussion on the effect of flow rate, it is sug-
gested that lower flow rate would be favor to the nitrate sorption
in the column tests.

3.2.4. Effect of influent pH on the breakthrough curves

The breakthrough curve C;/Cy versus breakthrough volume
treated with various influent pH (2.00, 5.12, 7.08,9.85 and 12.14) is
shown in Fig. 6b. As seen in Fig. 6b, the nitrate sorption capacities of
AC-WS are 62.7, 87.27, 87.45, 85.15 and 41.90 mg g~ ! for the influ-
ent pHof2.00,5.12,7.08,9.85 and 12.14, respectively. It is apparent
that the nitrate sorption capacity gradually increases as the influ-
ent pH increases from 2.00 to 9.85, and then the sorption capacity
significantly decreases with the further increase in pH from 9.85 to
12.14. As shown in some literature, the sorption process of some
adsorbents with positive surface charges often displayed a gen-
eral trend of decrease as the solution pH value increases; this may
be attributed to the less attractive or more repulsive electrostatic
interaction resulting from the increased negatively charged surface
sites at higher solution pH values [33,34]. What's more, when the
pH increases beyond 11.0, the OH~ will increase significantly, and
the exchange sites for nitrate sorption will decrease on the outer
surface of AC-WS due to the presence of excess OH™ ions compet-
ing with nitrate ions for sorption sites and a result of the sorption
capacity decreases [35].

Based on the discussion above, it seems that the suitable influ-
ent pH range could be selected in the range of 5.0-10.0; this
demonstrates a potential application for the eutrophic wastewater
treatment in China, of which the pH range is about 6-9.

3.3. Desorption and dynamic elution tests

3.3.1. Desorption tests

Recovery of the adsorbed anions and repeated usability of the
adsorbent is important in reference to the practical applications
of treatment of industrial effluent. In this work, 0.1 moll~! of HCI
solution was used as the desorption agent and its regeneration
capacity after four times of sorption-desorption cycles is presented
in Fig. 7a.

The g4 of AC-WS at initial and after each cycle are 87.27, 86.5,
85.3,85.4and 83.8 mg g1, respectively. The total decrease in sorp-
tion efficiency of AC-WS after four sorption-desorption cycles is
only about 5.2%, which shows that AC-WS has good potential to
adsorb the nitrate from aqueous solution even when used repeat-
edly. In addition, HCI solution with concentration of 0.1 moll~!
demonstrates the excellent desorption capacity, and the desorption
of nitrate ions from the surface of AC-WS is most probably through
an reaction of ion-exchange, i.e., the reverse of the reactions with
high concentration of CI-! from the HCI displacing nitrate ions from
AC-WS. Similar results have been reported in our previous work
[18] for desorption of nitrate from agricultural by-product based
anion exchanger.
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3.3.2. Dynamic elution tests

In the dynamic elution tests, an elution step was carried out
after each sorption-desorption cycle and the nitrate concen-
trations in the effluent elution solutions were determined and
presented in Fig. 7b.

The elution curves from cycle 1-4 show a very similar unsym-
metrical shape, with a rapid nitrate concentration increase,
followed by a flatter diminution. As shown in Fig. 7b, HCI solution
demonstrates a high desorption rate when eluting the nitrate ions
from AC-WS. It is observed that the maximum nitrate concentra-
tion peakis achieved in about 10-15 min for all the cycles. When the
elution reaches to 60 min, the effluent concentration is lower than
40mgl-1. As the desorption time reaches to 120 min, the residue
nitrate concentration approaches to zero and the elution process in
this cycle is finished.

Osifo et al. [36] reported a weight loss (25%) of chitosan beads
after 5 sorption-desorption cycles using 0.1 mol1~! of HCI solu-
tion as the desorption agent. Although a longer desorption time
will be favorable to the regeneration of AC-WS, the acid elution
may also increase the possibility of the destruction of cellu-
lose/hemicellulose in AC-WS as desorption time increases; this
indicates that a suitable desorption time should appropriately bal-
ance this procedure [37].

4. Conclusion

WS was modified into amine-crosslinked adsorbent after the
amination reaction. Solid-state 13C NMR and zeta potential analy-
sis validated the existence of crosslinked amine groups in AC-WS.
Raman shift of the nitrate peaks suggested the electrostatic attrac-
tion between the adsorbed ions and positively charged amine sites.
Column sorption characteristics of AC-WS were studied and the
resultsillustrated a potential application for the eutrophic wastew-
ater treatment. Lower flow rate would be favor to the nitrate
sorption in the column tests and the suitable influent pH range
could be selected in the range of 5.0-10.0. The highest q,4 of
AC-WS for nitrate sorption was about 87.27 mgg~!. HCl solution
(0.1 mol1-1) demonstrated its high desorption rate for the regen-
eration of AC-WS. In addition, the sorption-desorption process
indicated the excellent regeneration capacity of AC-WS with little
loss (5.2%) in its initial sorption capacity when repeatedly used.
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