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a b s t r a c t

We report a kinetic and equilibrium study of perchlorate adsorption onto giant reed modified by quater-
nary amine (QA) functional groups in batch reactors. The effect of pH, contact time, and initial perchlorate
concentration on removal was investigated. The adsorption capacity for perchlorate was 169 mg/g on the
modified reed (MR) particles ranging in size from 100 to 250 �m. The isotherm results were best described
by the combined Langmuir–Freundlich equation. Optimum removal occurred in the pH range 3.5–7.0 and
was reduced at pH > 8.5. The maximum adsorption rate occurred within the first minute of contact and
equilibrium was achieved within 7 min. A three-stage adsorption occurred. In stage 1, adsorption was
odified reed
aman
dsorption
eta potential

rapid and was controlled by boundary layer diffusion. In stage 2, adsorption was gradual and was con-
trolled by both boundary layer and intraparticle diffusion. In stage 3, adsorption reached a plateau. The
kinetic results fit well with a pseudo second-order equation. The adsorption mechanism was explored
using Zeta potential analysis and Raman spectroscopy. Zeta potential measurements showed that reed
modification enhanced perchlorate removal by increasing the surface potential. Electrostatic attraction
between perchlorate anion and positively charged quaternary amine groups on the MR was the primary
mechanism responsible for perchlorate removal.
. Introduction

Recently developed technologies have greatly aided envi-
onmental researchers in determining the scope of perchlorate
ontamination in the US [1]. Perchlorate (ClO4

−) contamination has
een reported in 26 states and Puerto Rico [2]. It has been detected

n natural surface and ground waters that feed into US drinking
ater supplies [3–5]. This form of contamination is most common

n the northeastern and southwestern coastal areas [6]. Perchlo-
ate has also been detected in plants; food products, cow’s milk,
nd human breast milk [7].

Increased interest in perchlorate detection and removal stems
rom the adverse health effects associated with its exposure [2].
ecause perchlorate and iodide (I−) have similar ionic charges and
olumes – 3.94 × 10−23 cm3 for ClO4

− and 4.23 × 10−23 cm3 for
− [8] – perchlorate competes with iodide, inhibiting its uptake
y the thyroid gland and reducing thyroid hormone production

1]. Thyroid hormones regulate several critical functions in the
ody, including oxygen consumption, metabolism, skeletal growth,
nd brain development [4]. Hypothyroidism has been associated
ith perchlorate exposure [6]. Perchlorate contamination poses a

∗ Corresponding author. Tel.: +1 201 216 8014; fax: +1 201 216 8303.
E-mail addresses: xmeng@stevens.edu, xmeng@stevens-tech.edu (X. Meng).
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special danger to nursing mothers and infants, as perchlorate can
be passed from mother to infant through breast milk, severely
affecting development of thyroid function [9]. These children are
more likely to develop permanent physical and mental disabili-
ties, including mental retardation, Attention Deficit Hyperactivity
Disorder (ADHD), impaired hearing, and language deficits [9]. The
effects of perchlorate on development are not limited to humans;
a recent study found that the sex ratio of larval–juvenile zebra fish
treated with high levels of perchlorate (100–250 mg/l) is skewed
towards females [10].

As of May 2010, the EPA had not set a standard for perchlo-
rate in drinking water. However, in 2005 the National Resource
Council recommended that the maximum daily intake of perchlo-
rate not exceed 0.7 �g/kg [11], the equivalent of 25 �g/l for a 70 kg
adult male with daily water consumption of 2 l. The state of Califor-
nia, on the other hand, has mandated 18 �g/l as the level at which
remediation is required [12].

Perchlorate is widely used in the manufacture of commercial
products such as road flares, air bags, and fireworks [13]. How-
ever, most perchlorate contamination is linked to military use [5].

Because of its rich oxygen content and highly oxidized form of chlo-
rine, ammonium perchlorate salt (NH4ClO4) is widely used as an
oxidant in rocket fuel [13–15].

There are natural sources of perchlorate contamination, such as
the caliche deposits of the Atacama Desert in Chile. These deposits

dx.doi.org/10.1016/j.jhazmat.2011.01.124
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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re rich in nitrate and perchlorate, which are often found together
n nature [16]. Caliche deposits are used as a fertilizer in the United
tates, resulting in perchlorate contamination from surface water
unoff or from leaching into groundwater [6]. Perchlorate, although
hermodynamically unstable, is kinetically non-reactive at the low
oncentrations typically found in contaminated ground and surface
ater [17]. In addition, perchlorate salts have high solubility and

ow tendency to form complexes in water, making removal difficult.
Current treatment technologies such as ion exchange can effec-

ively remove perchlorate and other ionic contaminants from
round and surface water [17–19]. However, a major problem of ion
xchange is its cost. Regeneration of the spent resin produces brine
hat is concentrated in perchlorate and in salt (3–6% NaCl) which
equires further treatment before final disposal [20,21]. Membrane
ltration and reverse-osmosis technologies have proven to be even
ore expensive than ion exchange [22]. Biological reduction, in
hich bacteria use perchlorate as an electron acceptor, can be a
seful and cost-effective alternative [20]. However, biodegrada-
ion is relatively slow and is extremely sensitive to pH and salinity
hanges. In addition, biological reduction requires further treat-
ent to remove organic compounds and pathogens [23].
Plant-based adsorbents synthesized from agricultural waste

ave been successfully used to remove many anionic contaminants
24–26]. Agricultural waste is readily available and constitutes a
aste stream itself if not utilized [27]. Giant reed (GR), Arundo

onax L., an agricultural waste product, is a fast-growing plant that
s abundant in most countries around the world due to its easy
daptation to a variety of environments [28]. With high biomass
otential (27–32 tons year−1 ha−1), GR is readily available and inex-
ensive [29]. For example, GR stems are used as a wood alternative

n the paper industry to produce high-quality chemical pulps [29].
R was used as a precursor for activated carbon preparation by
ernersson et al. [30]. Reed is more resistant to biological degrada-

ion and should have longer life time in water treatment application
han other agricultural materials, such as wheat and rice straw.
he lifespan of reed used for thatching is usually between 40
nd 60 years [31]. GR (whole stems, no leaves) is composed of
ignin, cellulose, hemicellulose, and extractives such as fats, oils,
nd waxes [32,33]. Lignin, cellulose, and hemicellulose have many
asily accessible hydroxyl groups that can be used for the attach-
ent of various functional groups [32,33]. By attaching quaternary

mines (QA) through chemical modification, GR can be transformed
nto an anion exchanger [34], termed modified reed (MR). MR can
e used to remove anions, such as perchlorate, from water. Modi-
ed reed was successfully used in a pilot-scale filtration system to
emove phosphate [35].

Although various functionalized adsorbents have been
mployed previously to remove perchlorate [24,36], adsorp-
ion of perchlorate using agricultural adsorbent modified with
uaternary ammonium functional groups has not been reported. In
iew of the possibility that MR might provide an economical adsor-
ent useful for environmental perchlorate remediation [32–34],
he current study was undertaken to investigate perchlorate
dsorption on MR. Batch experiments were conducted to explore
lO4

− and MR interactions at the interface. Adsorption isotherms
ere constructed and fitted to the experimental data. pH and

oncentration effects were studied to learn optimal adsorption
onditions. As kinetic parameters are crucial to the design of
reatment systems, we also conducted experiments to determine
he uptake rate and the time needed to reach equilibrium. The
ata were fitted with a pseudo second-order model. Non-linear

egression was used for isotherm and kinetic modeling.

Finally, to obtain deeper insight into the adsorption mechanism
nd the vibrational behavior of perchlorate in free and MR-sorbed
tates, we performed Zeta potential and Raman spectroscopy anal-
sis. The spectroscopy data were correlated with adsorption data.
s Materials 189 (2011) 54–61 55

This study therefore addresses the gap in the literature between
quantitative studies of MR for adsorption and spectroscopic analy-
ses of sorption mechanisms for perchlorate.

2. Materials and methods

2.1. Giant reed

The raw giant reed and the quaternized amine modified reed
used in this study were provided by Dr. Baoyu Gao (School
of Environmental Science and Engineering, Shandong Univer-
sity, China). GR (whole stems, no leaves) contains 21.1% lignin,
31.1% cellulose, 30.3% hemicellulose, and 12.1% extractives [32].
GR was reacted with epichlorohydrin, ethylenediamide, and tri-
ethylamine to form cellulose ether and then quaternary amine
groups through cross-link [34]. MR is an anion exchanger, char-
acterized by quaternary amine functional groups and particle
size distribution of 100–250 �m. The total exchange capac-
ity (TEC) of MR is associated with its nitrogen content which
was determined to be 7.78%, while it was 0.9% in GR [34].
Based on the chemical composition of the quaternary amine
group (–CH2CHOHCH2NHCH2CH2NHCH2OHCHCH2N(CH2CH2)3

+,
the content of the quaternary amine charge was about 1.64 eq(+)/g
which is equal to an exchange capacity of 162 mg-ClO4/g.

2.2. Reagents

All chemicals used were of ACS grade and obtained from Fisher
Scientific. Tap water was aged for 24 h at room temperature before
use and was used as the water source for all experiments. The aver-
age ionic strength of water determined by conductivity was 0.01 M.
The water was supplemented with the required amounts of ClO4

−

from a stock solution containing 10,000 mg/l ClO4
− prepared by

dissolving 1.41 g sodium perchlorate monohydrate (NaClO4·H2O)
in 100 ml of deionized water (DI) (18.2 M� cm, Millipore, Cam-
bridge, MA). Working standards were prepared daily from the stock
solution.

2.3. Adsorption studies

Kinetic studies were carried out using 0.1 g MR in 50 ml suspen-
sion containing 10, 20, and 30 mg/l ClO4

− or 0.1 g GR in a 50 ml
suspension containing 10 mg/l (ClO4

−). Mixing was carried out at
room temperature (25 ◦C) in 125 ml bottles with a magnetic stirring
bar on a magnetic stirrer. Samples were drawn at 0, 1, 3, 5, 7, 10, 14,
15, 20, 25, 30 min, and 24 h, the last sampling time being sufficient
to reach a steady state. The pH was maintained at 7.0 ± 0.5 with
addition of 0.1 M HCl and NaOH. Samples were collected in 1.5 ml
Micro centrifuge® tubes, then placed in a Micromax® centrifuge
at a mixing speed of 10,000 RPM for 10 min. After centrifuging,
1.0 ml of the supernatant was withdrawn and placed in 2.0 ml clear
glass vials for perchlorate analysis using ion chromatography. The
amount of adsorbed perchlorate qt (mg/g) at any time was calcu-
lated as follows:

qt = (Ci − Ct)V
m

(1)

where Ci is the initial concentrations (mg/l) of perchlorate, Ct is the
concentrations (mg/l) of perchlorate at any time, V is the volume of
solution (ml), and m is the dry mass of the adsorbent (g).

Isotherm tests were performed to determine MR adsorption

capacity for (ClO4

−). MR (0.1 g) was added to 50 ml tap water con-
taining 3, 10, 30, 50, 100, 150, 300, 500, 700, or 900 mg/l (ClO4

−).
Mixing was performed in 125 ml bottles placed on a rotary mixer
at 150 RPM (Glas-Col, 2128, Terre Haute, IN) for 24 h to reach equi-
librium at room temperature (25 ◦C). The pH of each sample was
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aintained at 7.0 ± 0.5 with 0.1 M HCl and NaOH. Perchlorate was
nalyzed in supernatants collected from samples.

The ion chromatograph (Dionex IC25) used for perchlorate anal-
sis included an analytical pump, an Eluent Generator (EG40), a
onductivity Detector (CD25), an Auto Sampler (AS50), a column
nclosure (LC20), an Ion-Pac® AS16 (4 mm × 250 mm) column, a
ample injection loop with a capacity of 1000 �l, and a current sup-
ressor (ASRS Ultra II). Chromeleon® version 6.4 software was used
or instrument control and data collection. All components of the
nstrument, including the software, were made by Dionex Corpo-
ation (Sunnyvale, CA). An EluGen® potassium hydroxide cartridge
as used as the eluent at 50 mM KOH concentration and a pump
ow rate of 1.0 ml/min. Current suppression was set at 100 mA.
he sample injection volume was 250 �l, and the running time was
8 min. With this setup, the detection limit was 0.1 mg/l.

.4. pH and Zeta potential effects

To determine the effect of pH on perchlorate removal, addi-
ional samples of 0.1 g MR in 50 ml tap water containing 30 mg/l
lO4

− or 0.1 g GR in 50 ml tap water without ClO4
− were prepared

n which the pH varied from 3.5 to 10.5. Samples were mixed in
25 ml bottles placed on a rotary mixer at 150 RPM for 24 h at
oom temperature (25 ◦C). After mixing, the samples were analyzed
or aqueous perchlorate and for equilibrium pH. In addition, Zeta
otential was measured for GR samples. Aliquots of the equilibrated
uspensions were withdrawn into clear disposable Zeta cells using
uer-lok syringe and injected into a Malvern Zetasizer. Each sample
as run in triplicate.

Zeta potential was measured using a Zetasizer Nano series®

nstrument (Malvern Instruments, Worcestershire, UK). The
arameters were set for dilute water samples: a temperature of
5 ◦C, a dielectric constant of 78.5, a viscosity of 0.88 cP, and an
pplied voltage of 150 mV. The Zeta potential was determined by
easuring the electrophoretic mobility (UE), which is related to the

eta potential (�) by Henry’s equation [37]:

E = 2ε�f (Ka)
3�

(2)

here ε is the dielectric constant, � is the viscosity, and f (Ka)
s Henry’s function. The Smoluchowski approximation was used,

hich assigns a value of 1.5 to f (Ka), suitable for moderate elec-
rolyte concentrations in aqueous media. Dispersion tech® version
.0, a Malvern software, was used for instrument control and data
ollection.

.5. Raman spectroscopy

Raman spectroscopy was used to explore ClO4
− vibrational

ehavior in the free and MR-sorbed states. To increase the signal-to-
oise ratio, a highly concentrated perchlorate solution was used for
he Raman analysis. MR (0.1 g) was added to 50 ml of DI water con-
aining 10,000 mg/l ClO4

− and mixed for 24 h at 150 RPM on a rotary
ixer. Equilibrium pH values ranging from 2.0 to 10.5 were main-

ained with 0.1 M HCl and NaOH. Microscope slides were soaked in
iranha solution (3:1 concentrated H2SO4 to 30% H2O2) for 40 min,
insed thoroughly with DI water, then dried with oxygen-free nitro-
en gas (AGL Welding, Clifton, NJ). Samples were placed evenly on
lass microscope slides and analyzed while wet. Reference spectra
ere obtained for a 10,000 mg/l ClO4

− solution without MR and for

olid sodium perchlorate monohydrate NaClO4·H2O.

Raman spectra were collected using a Nicolet AlmegaTM disper-
ive Raman spectrometer equipped with a 780 nm laser. Spectra
ere collected between 1100 and 750 cm−1, with a resolution of
cm−1. The exposure time was 2 s. Thermo Scientific OMNICTM
time (min)

Fig. 1. Adsorption kinetics and the fitted pseudo-second-order model of perchlorate
adsorption by MR. pH 7.0 ± 0.5; adsorbent dose: 2.0 g/l.

SpectaTM software was used for instrument control and data col-
lection.

3. Results and discussion

3.1. Kinetic studies

Kinetics experiments were conducted to determine the uptake
rate and equilibrium time. As shown in Fig. 1, for all perchlorate
concentrations, the amount of perchlorate adsorbed qt at time
t increased with time and with initial perchlorate concentration
eventually reaching an equilibrium qe within 7 min. Rapid per-
chlorate adsorption onto activated carbon and exchange resin was
also reported [23]. Before reaching the equilibrium stage, two dis-
tinct adsorption stages were observed. Stage 1, signified by a steep
slope, reflected the rapid adsorption rate during the first minute
of contact time during which most perchlorate removal occurred
(80–85%). Stage 1 was extremely rapid and could be attributed to
instantaneous monolayer adsorption of perchlorate at the MR sur-
face [38]. Stage 2 (1 min < t < 7 min) represented by a gentle slope,
was characterized by a gradually decreasing adsorption rate prior
to reaching equilibrium (stage 3, t > 7 min). The reduced adsorption
rate in stage 2 could reflect rearrangement of perchlorate adsorbed
on the surface and a more thorough utilization of adsorption sites in
the MR [23]. Similar kinetic stages of nitrate adsorption, by mod-
ified wheat residue on quaternary amine anion exchanger, have
been reported [38]. In the first stage, the sorbate molecules are
sorbed on the surface in the absence of other sorbate molecules,
minimizing sorbate–sorbate interactions, leading to the formation
of a monolayer. As this monolayer approaches saturation, a pro-
cess of rearrangement may occur (stage 2), which involves further
increases in sorbate molecules. At stage 3, the system has reached
equilibrium.

3.2. Kinetics models

The kinetic data were fitted to a pseudo second-order kinetic
equation [39]. Due to the inherent bias that results from lin-
earization, a nonlinear function was used to fit the experimental
data by minimizing the sum of squared residuals (SSE) [40]. The
Solver tool in Microsoft Excel software was used to perform these

calculations. The following form describes many heterogeneous
adsorption reactions well [36]:

qt = qek2t

1 + qek2t
(3)
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Table 1
Kinetic parameters for adsorption of ClO4

− by 2 g/l MR at pH 7.0 ± 0.5.

Pseudo second-order Intraparticle diffusion

Ci K2 qe R2 SSE Kp Z R2

(mg/l) (g/mg min) (mg/g) (mg/g min0.5)

0.20 0.67 2.64 0.99
0.63 0.74 6.64 0.98
0.17 2.01 8.24 0.96
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(5)
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Model
10 0.41 4.51 0.99
20 0.81 8.80 0.99
30 0.20 13.88 0.99

n Eq. (3), qe is the sorbed concentration at equilibrium (mg/g),
t is the sorbed concentration at any time (mg/g), and K2 is the
seudo second-order constant (g mg−1 min−1). The values of the
oefficients of determination were all high (R2 > 0.99) and the sum
f squared residuals were low (Table 1), indicating that pseudo
econd-order model calculation parameters (Eq. (3)) and the exper-
mental data are in good agreement. In contrast, the pseudo
rst-order model provided a poor fit to the data (not shown). As
lso shown in Table 1, the rate constant k2 (g mg−1 min−1) increased
rom 0.41 to 0.81 as the perchlorate concentration increased from
0 to 20 mg/l. However, as the perchlorate concentration further

ncreased to 30 mg/l, k2 decreased to 0.20 (g mg−1 min−1). The
nitial increase in perchlorate concentration resulted in a higher
riving force that reduced the film layer thickness between the
dsorbate and the adsorbent surface [41]. However, with the fur-
her increase in initial perchlorate concentration, the number of
acant and easily accessible adsorption sites is reduced. As a result,
he time for adsorption to reach equilibrium is extended and the
ate constant k2 (g mg−1 min−1) is reduced [42,43].

Understanding the adsorption mechanism is important in
esigning the most suitable treatment system. As the pseudo
econd-order kinetic model cannot identify the diffusion mecha-
ism, kinetic results were further analyzed using an intraparticle
iffusion model (IPD) to test for the contribution of intraparticle
iffusion of the adsorbed perchlorate anions from the surface to
vailable adsorption sites inside the pores. The transport of an
dsorbate is governed by either boundary-layer diffusion or intra-
article diffusion or by both [44]. The IPD rate varies with the square
oot of time, as given by the Weber–Morris equation [45]:

t = kpt0.5 + Z (4)

n Eq. (4), kp is the intraparticle diffusion rate constant
g mg−1 min−0.5), Z is a constant relating to the thickness of the
oundary layer, and t is the mixing time (min). According to the
odel, if the plot of qt as a function of t0.5 is linear, and passes

hrough the origin, IPD is the only rate limiting step [46]. On the
ther hand, if the IPD plot exhibits multi-linearity, then bound-
ry diffusion also plays a role, its contribution determined by the
agnitude of the intercept Z [47].
Using the experimental data shown in Fig. 1, the linearized plot

f the IPD model was fitted to the experimental data. The intra-
article diffusion constant, kp from Eq. (4) was determined from
he slopes of the lines in Fig. 2, while the intercept Z relating to the
oundary layer diffusion. Model data parameters are summarized

n Table 1. The IPD plot (Fig. 2), exhibits multilinearity suggest-
ng that both boundary layer and IPD are involved in perchlorate
ptake by MR. For the perchlorate concentrations of 10, 20, and
0 mg/l (ClO4

−), kp was 0.67, 0.74, and 2.01 (mg/g min0.5), and Z
as 2.64, 6.64, and 8.24, respectively. Both IPD and boundary layer

ffects increased with increasing perchlorate concentration (indi-
ated by increasing kp and Z values). Other studies have reported

imilar findings [48].

The results (Fig. 1 and Fig. 2) indicated that adsorption rate
as controlled by boundary layer diffusion at the initial adsorp-

ion stage (t < 1 min), and was responsible for 80–85% of total
emoval. Both intraparticle and boundary layer diffusion controlled
Fig. 2. Intraparticle diffusion model of perchlorate adsorption by MR. pH 7.0 ± 0.5;
adsorbent dose: 2.0 g/l.

the adsorption rate during stage 2 (1 < t < 7 min), which was respon-
sible for 10–15% of total removal.

3.3. Isotherm studies

Isotherm studies were carried out as described in Materials
and Methods (Section 2.3). Equilibrium results (Fig. 3) were tested
for fit with the Langmuir, Freundlich, and Freundlich–Langmuir
models. The Langmuir model assumes monolayer adsorption with
maximum adsorption upon monolayer saturation, no interaction
between the adsorbed anions species, and constant adsorption
energy on all sites. The Langmuir model [49] is described by Eq.
0 50 100 150 200 250 300 350 400 450 500 550 600

Ce (mg/l)

Fig. 3. Adsorption equilibrium results and the fitted Langmuir–Freundlich isotherm
model of perchlorate adsorption by MR. Adsorbent dose: 2.0 g/l; pH 7 ± 0.5; contact
time: 24 h.
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The effect of perchlorate adsorption on the Zeta potential of
clean MR was studied. When ClO4

− was added to clean MR, the
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n Eq. (5), qe is the amount of perchlorate adsorbed (mg/g), Ce

s the equilibrium concentration (mg/l), qmax is the maximum
dsorption capacity (mg/g), and KL is the Langmuir coefficient
elating to adsorption intensity (l/mg). KL is independent of the
egree of adsorption (surface coverage) because uniform adsorp-
ion energy is assumed among adsorption sites on the homogenous
urface [50,51]. The Freundlich model, unlike the Langmuir model,
ssumes that the adsorbent surface is heterogeneous with multiple
dsorption layers [52]. Therefore, adsorption energy varies among
dsorption sites. However, the maximum adsorption capacity is not
efined in the Freundlich model [53]. The Freundlich model [54] is
escribed by Eq. (6):

e = KfC
n
e (6)

here kf is the Freundlich constant relating to the strength of
dsorbate–sorbent interactions [(mg/g)/(mg/l)], and n is a dimen-
ionless exponent between 0 and 1 relating to the degree of
urface heterogeneity. For n = 1, Eq. (6) reduces to the classic linear
quation. The modified Freundlich–Langmuir model [55] combines
lements of both models by adding the exponent a, to account for
urface heterogeneity. For a homogeneous surface a = 1, and Eq. (7)
educes to the Langmuir equation:

e = qmax(KLFCe)a

1 + (KLFCe)a (7)

Parameters of the three isotherms are summarized in Table 2.
he Langmuir–Freundlich isotherm provided the best fit (Fig. 3) as
t had the lowest residuals (SSE = 16.35). The better fit of this model

ight be explained by the addition of the exponent (a) in (Eq. (7))
o account for heterogeneity of the MR surface. Best fit values for

R were: qmax = 169.34 (mg/g), KLF = 0.01 (l/mg), and a = 0.82. As
redicted by the model, the amount of perchlorate adsorbed at
quilibrium increased with the increase in initial perchlorate con-
entration. The adsorption capacity of MR for perchlorate is much
igher than that of activated carbon and lower than perchlorate-
elective strong-base exchange resin [23].

The effect of the isotherm shape on the favorability of adsorption
an be expressed by RL, a dimensionless constant separation factor
iven in Eq. (8) [56]:

L = 1
1 + KLFCi

(8)

L > 1 for unfavorable adsorption, RL = 1 for linear adsorption,
< RL < 1 for favorable adsorption, and RL = 0 for irreversible adsorp-

ion. The best-fit Langmuir–Freundlich parameters yielded RL < 1,
ndicating favorable adsorption.

.4. pH and Zeta potential effects

Fig. 4 shows the effect of pH on ClO4
− adsorption by MR.

aximum removal obtained was 90% in the pH range 3.5–7.0.
dsorption decreased by 10% as the pH was increased to 7.8.
dsorption decreased by 40% as the pH was increased from 8.0

o 10.7. This accelerating decrease could be explained by compe-
ition between hydroxide anions and perchlorate anions at high
H values. In addition, decreased surface charge at high pH would
e expected to weaken the electrostatic attraction between the
erchlorate anions and the MR surface. Interestingly, more than
0% removal was observed at pH > 10.5 (Fig. 4), which could be
ttributed to the known pH independence of the charge status of
uaternary amine functional groups [23].
The effect of reed modification (functionalization) with the qua-
ernary amine functional group and pH on the surface charge was
tudied by comparing the Zeta potential of clean GR and cleans
R as a function of pH (Fig. 5). Over the entire pH range studied

3–11), the Zeta potential of GR was negative and was lower than
Equilibrium pH

Fig. 4. Effect of pH on perchlorate adsorption by MR. Initial ClO4
−: 30 mg/l; adsor-

bent dose: 2.0 g/l; contact time: 24 h.

the Zeta potential of MR. The Zeta potential of clean GR decreased
from −1.43 to −20.2 mV as the pH increased from 3.5 to 10.7,
whereas the Zeta potential of clean MR decreased from +27.1 to
−1.7 mV as the pH increased from 3.4 to 11.4 (all values ± 0.3).
Thus, the incorporation of QA functional groups into GR increased
the surface potential of reed. These findings are in agreement with
published data [23,25,32,37]. The fact that perchlorate removal was
not obtained with GR while 85–90% removal was obtained with
MR suggests that the QA functional group is largely responsible
for the ability of MR to remove perchlorate from solution. Because
Zeta potential is more negative at higher pH values, adsorption of
perchlorate anions is expected to be reduced due to electrostatic
effects. Our data show a positive correlation between perchlorate
removal and Zeta potential (compare Fig. 4 and Fig. 5).

As pH increases, the electrostatic attraction between the MR sur-
face and added anions will decrease along with the Zeta potential
until the Zeta potential approaches the point of zero charge (PZC)
for clean MR which was high at 11.3 (pH units), indicating prefer-
ential adsorption of OH− over H+ as expected from the positively
charged functional groups on MR surface [57,58].
-25
pH

Fig. 5. Zeta potential for raw giant reed (GR) and modified reed (MR) shows the
effect of modification and ClO4

− addition on reed’s surface charge. Adsorbent dose:
2.0 g/l; contact time: 24 h.
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Table 2
Isotherm parameters for adsorption of ClO4

− by 2 g/l MR at pH 7.0 ± 0.5.

Langmuir Freundlich Langmuir–Freundlich

R2 SSE KLF qmax a R2 SSE
(l/mg) (mg/g)

0.97 537.84 0.01 169.34 0.82 0.99 16.34
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KL qmax R2 SSE Kf n
(l/mg) (mg/g) (mg/g)/(mg/l)

0.01 150.22 0.99 68.71 12.16 0.39

bserved in the PZC value when 30 mg/l ClO4
− was added to clean

R suggesting that interactions between MR and ClO4
− are largely

lectrostatic attraction.

.5. Raman measurements

Raman analysis was used to examine perchlorate–MR interac-
ion by probing for shifts in the stretching bands when aqueous
erchlorate was adsorbed onto MR. The symmetric stretching
ibration band (�1) of the anion is commonly measured because
ts position varies with ion association and ion–ion interactions
59]. Stretching bands are well-defined in the Raman spectra. We
ecorded reference spectra of the (�1) mode for perchlorate in many
hases to study the effects of perchlorate ion–ion association on
he vibrational spectrum. As the Raman instrument resolution was
cm−1, shifts of ∼4 cm−1 were attributed to experimental error.

As shown in Fig. 6, a Raman peak for ClO4
− in 0.1 M NaClO4 was

etected at 933 cm−1. It is attributed to the strong Cl–O bonds of
he tetrahedral perchlorate anion [60]. The 933 cm−1 band corre-
ponds to free perchlorate ions in aqueous solution, as established
n several independent studies [61,62]. The perchlorate band in
olid NaClO4 salt occurred at 953 cm−1, a figure also reported in
everal studies [63–65]. Yoon et al. [23] reported a ClO4

− peak
t 951 cm−1 in NaClO4 salt, and suggested that the peak corre-
ponded to (Na+· · ·ClO4

−· · ·Na+) trimers, tetramers, or higher-order
tructures in the solid phase. Raman spectra of MR samples loaded
ith ClO4

− gave a peak at 932 cm−1. The same band position of
he soluble and adsorbed perchlorate showed no specific interac-
ion between the adsorbed perchlorate and MR. Yoon et al. [23]
eported perchlorate peak detection on a strong base anionic resin
SR-7) at 930 cm−1. Furthermore, Brooksby and Fawcett [66] found
hat ammonium functional groups had no effect on perchlorate ion

ssociation.

The effects of pH on the Raman spectra were studied for
erchlorate–MR samples (Fig. 7). Peak positions for adsorbed
erchlorate at pH 2.0, 6.6, and 10.5 had a negligible frequency
hift of ∼1–2 cm−1, indicating that perchlorate ion association in

ig. 6. Raman spectra of (a) reagent NaClO4 salt; (b) 104 mg/l ClO4
− solution; and (c)

R equilibrated with 104 mg/l ClO4
− solution. Adsorbent dose: 2.0 g/l; pH 7.0 ± 0.5;

ontact time: 24 h.
Fig. 7. Raman spectra (baseline-corrected) of adsorbed ClO4 on MR, which had
been equilibrated for 24 h with 104 mg/l ClO4

− solution at various pH values: (a)
pH 6.6; (b) pH 2.0; and (c) pH 10.5. ClO4

− loaded MR samples were prepared from
NaClO4 salt.

the perchlorate–MR system was pH-independent. However, peak
intensity varied with pH depending on the amount of perchlorate
adsorbed, as previously established in Fig. 4. Peak intensity quan-
tification was not studied in this paper.

4. Treatment of perchlorate on spent MR

Treatment of perchlorate on spent MR is a critical issue for safe
disposal of the used bio-sorbent or for reuse. A perchlorate-loaded
spent MR was prepared by mixing 0.10 g MR with 50 ml of aged
tap water containing 30 mg/l of ClO4

−. A biological process was
used for the destruction of the perchlorate by mixing the spent
MR with perchlorate-reducing mixed bacteria in a closed container.
The mixed bacteria were cultivated and enriched using anaerobic
sludge collected from the wastewater treatment plant in Bergen
County, NJ following the procedures described by Wang et al. [67].
Total digestion analysis determined that perchlorate content in the
spent MR was 14 mg/g. After 4 and 7 days of biological reaction,
the total perchlorate content on the MR was reduced to 1.4 and
0.25 mg/g, respectively. The results indicated that greater than 98%
of the perchlorate on MR was reduced to chloride in 7 days. The
biological treatment can be used to reduce perchlorate on spent MR
for safely disposal of the material in non-hazardous waste landfills
or for reuse.

5. Conclusions

This study demonstrates that quaternary amine modified reed,
developed from the agricultural waste of giant reed, can be used as
an effective adsorbent for the removal of perchlorate from aqueous
solution. Perchlorate adsorption onto the modified reed occurred

rapidly and reached equilibrium within 7 min. Kinetic results were
well described by the pseudo second-order equation. Rapid bound-
ary layer diffusion controlled the initial stage of adsorption at
the monolayer while both boundary layer and intraparticle dif-
fusion controlled adsorption at later stages. Optimum perchlorate
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emoval was achieved within the pH range (3.5–7.0). Zeta poten-
ial and Raman spectroscopy studies indicated that perchlorate
emoval by MR was achieved mainly by electrostatic interac-
ion between perchlorate anions and quaternary amine functional
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