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a b s t r a c t

The oxidation state of chromium in coir pith after Cr(VI) adsorption from aqueous solution was investi-
gated using electron spin resonance (ESR). To elucidate the mechanism of chromium adsorption on coir
pith, the adsorption studies of Cr(VI) onto lignin, �-cellulose and holocellulose extracted from coir pith
were also studied. ESR signals of Cr(V) and Cr(III) were observed in coir pith adsorbed Cr(VI) at solution
pH 2, while ESR spectra of lignin extracted from coir pith revealed only the Cr(III) signal. In addition, ESR
signal of Cr(V) was observed in �-cellulose and holocellulose extracted from coir pith adsorbed Cr(VI).
These results confirmed that lignin in coir pith reduced Cr(VI) to Cr(III) while �-cellulose and holocellu-
lose extracted from coir pith reduced Cr(VI) to Cr(V). The Cr(V) signal exhibited in ESR of �-cellulose and
SR

r(VI)
r(V)
r(III)

holocellulose might be bound with glucose in cellulose part of coir pith. In addition, xylose which is main
in pentosan part of coir pith, indicated that it is involved in form complex with Cr(V) on coir pith. The
adsorption kinetic of Cr(VI) from aqueous solution on coir pith was also investigated and described well
with pseudo second order model. ESR and desorption experiments confirmed that Cr(VI), Cr(V) and Cr(III),
exist in coir pith after Cr(VI) adsorption. The desorption data indicated that the percentage of Cr(VI), Cr(V)
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. Introduction

Chromium is a widespread contaminant in the environment
hich originates from the emissions of industry including electro-
lating, pigment, metal cleaning, leather processing and mining.
hromium exists in natural water in two stable oxidation states,
r(VI) and Cr(III). Cr(VI) is more toxic, a powerful carcinogenic agent
nd causes epigastric pain, nausea, vomiting, severe diarrhea and
emorrhaging [1]. Therefore, it is essential to remove chromium
ontamination from wastewater. Many conventional methods have
een investigated to remove chromium such as chemical reduction,

on exchange, precipitation, reverse osmosis and electrodialysis
1–3]. However, these methods are not widely practiced due to

heir high operational costs and problems in the disposal of the
esidual metal sludges [4]. In contrast, the adsorption method uses
nexpensive adsorbents as an economically feasible alternative for
hromium removal due to its efficiency and low operational costs.

∗ Corresponding author. Tel.: +662 4707535, fax: +662 4523455.
E-mail address: paitip.thi@kmutt.ac.th (P. Thiravetyan).
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3%, 12.89% and 71.48%, respectively.
© 2008 Elsevier B.V. All rights reserved.

Previous research has reported that the reduction of Cr(VI) to
r(III) occurs after Cr(VI) adsorbs with living plants such as sub-
erranean clover [5], wetland plants [6], bacteria [7,8] and biomass
non-living biological substances) such as hops biomass [9], rice
usk [10], dead fugal biomass [11], and oat byproducts [12]. In
ddition, other literature reports that electron spin resonance (ESR)
xperiments provide evidence of the reduction of Cr(VI) to Cr(III)
hrough an intermediate Cr(V) species by living plant and bacte-
ia [5–8]. In our previous research, coir pith, a byproduct padding
rom mattress factories, was used as an adsorbent for Cr(VI) adsorp-
ion. This adsorbent was effective and had high capacity for Cr(VI)
dsorption [13]. However, the actual chromium oxidation state,
ptake and binding to coir pith after Cr(VI) adsorption have not
een investigated. ESR is a useful technique for providing informa-
ion on the oxidation state of the element under investigation.

This study focuses on the oxidation state of chromium in

oir pith after Cr(VI) adsorption using electron spin resonance to
lucidate the mechanism of chromium adsorption. The lignin, holo-
ellulose and �-cellulose extracted from coir pith adsorbed Cr(VI)
ere studied by ESR. The adsorption kinetics of Cr(VI) adsorption

n coir pith and desorption were also investigated.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:paitip.thi@kmutt.ac.th
dx.doi.org/10.1016/j.jhazmat.2008.04.064
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p
containing unpaired electrons is ESR positive and Cr(V) is also pos-
itive, while Cr(VI) with no unpaired electron is ESR negative. The
ESR spectra of coir pith adsorbed Cr(VI) at various solution pH
is shown in Fig. 1. As can be seen, the ESR spectra of coir pith
adsorbed Cr(VI) at solution pH 2 and pH 10 exhibited the signal with
104 P. Suksabye et al. / Journal of Haza

. Methodology

.1. Adsorbents preparation

Coir pith was obtained as a waste product from padding used in
attress factories, Prachuapkhirikhan province (Thailand). It was

ried in ambient air and then crushed and sieved to obtain an
pproximate particle size less than 75 �m (−200 mesh, U.S. stan-
ard sieve). Lignin, holocellulose and �-cellulose were extracted
rom coir pith according to the following standard methods: TAPPI
222 om-88 for lignin [14], TAPPI T 203 om-93 for �-cellulose [15]
nd browning method for holocellulose [16]. In addition, d-glucose
nd d-xylose were obtained from Merck Ltd., Thailand.

.2. Cr(V) preparation

Na[Cr(O)(ehba)2]·H2O for Cr(V) standard in ESR experiments
as synthesized from 2-ethyl-2 hydroxylbutanoic acid and sodium
ichromate in acetone [17]. To a solution of 19.8 g of 2-ethyl-2
ydroxylbutanoic acid in 125 ml of acetone in a 300 ml Erlenmeyer
ask is added 6.5 g of anhydrous sodium dichromate and the het-
rogeneous mixture is stirred magnetically until the dichromate is
ompletely dissolved (about 10 min). The flask is fitted with glass
topper and immersed in a temperature controlled water bath at
5 ◦C for a period of 24 h. The solution is poured into 375 ml of
exane, whereupon the chromium (V) complex precipitates as a
ark red-violet solid. The crude product is collected, dried in freeze-
ried machine for 30 min to remove water and volatile materials.

.3. Cr(VI) adsorption experiments

Batch experiments were conducted in a 20 ml sealed glass bottle
ontaining 0.2 g of adsorbents and 10 ml of Cr(VI) solution prepared
rom potassium dichromate (K2Cr2O7). The bottle was shaken at
50 rpm in the solution pH of 1, 2 and 10 at 30 ◦C and contact time
f 30 min, 1–6, 18 h. The reaction mixture was filtered through the
lter paper. The Cr(VI) concentration remaining in the supernatant
as measured using a spectrophotometer (Spectronic 21, BAUSCH
LOMB) through the development of a purple-violet color with 1,5-
iphenyl carbazide in an acidic solution at a wavelength of 540 nm.
dsorption kinetics of Cr(VI) on coir pith were also investigated by
arying the initial contact time from 5 to 420 m.

.4. Electron spin resonance (ESR) measurements

Ten milligram samples were loaded into a quartz sample tube
ith 5 mm diameter, and then analyzed by electron spin reso-
ance using X-band ESR spectrometer (JEOL, JES TE-100) under
he operation conditions of microwave power 5 mW, a microwave
requency 9.44 GHz, an external magnetic field of 340 mT, a field
mplitude 10 mT, a field modulation 100 kHz, a modulation width
.1 mT, a time constant 0.1 s, and sweep time of 2 min. In addi-
ion, CrCl3·6H2O and Na[Cr(O)(ehba)2]·H2O were used as Cr(III) and
r(V) standard, respectively, in ESR experiments.

.5. Desorption study

The desorption study was carried out by agitating 0.2 g of
hromium-adsorbed adsorbents with 10 ml of 1 M NaOH and 2 M

NO3 at 30 ◦C and shaken at 150 rpm for 24 h. Then, the sample was
ltered by filter paper and the total chromium in the residual solu-
ion was determined by Inductively Couple Plasma Spectrometer
ICP), Jobin Yvon-JY 124, France. The Cr(VI) remaining in solution
as measured using a spectrophotometer (Spectronic 21, BAUSCH

F
C
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LOMB) through the development of a purple-violet color with 1,5-
iphenyl carbazide in an acidic solution at a wavelength of 540 nm.
he difference in concentration between the total and hexava-
ent chromium (Cr(VI)) was taken as the concentration of trivalent
hromium, Cr(III).

. Results and discussion

.1. Cr(VI) adsorption

Batch experiments were carried out on the adsorption of Cr(VI)
y coir pith, lignin extracted from coir pith, holocellulose extracted
rom coir pith and �-cellulose extracted from coir pith at an adsor-
ent dosage of 2% (w/v), solution pH 1, 2 and 10, contact time of 18 h
nd temperature of 30 ◦C. The results presented that the percent-
ges of Cr(VI) adsorption on holocellulose extracted from coir pith
23.22% at solution pH 1, 16.92% at solution pH 2, 5.03% at solution
H 10) and �-cellulose extracted from coir pith (16.14% at solution
H 1, 6.94% at solution pH 2, 0.99% at solution pH 10) at all solution
H were quite low, while the percentages of Cr(VI) adsorption on

ignin extracted from coir pith (75.74% at solution pH 1, 84.63% at
olution pH 2, 30.49% at solution pH 10) and coir pith itself (65.64%
t solution pH 1, 67.62% at solution pH 2, 16.61% at solution pH
0) were high. However, the percentages of Cr(VI) adsorption onto
oir pith itself were lower than lignin extracted from coir pith. In
ddition, the results indicated that the maximum Cr(VI) adsorption
ercentage on lignin extracted from coir pith was observed at solu-
ion pH 2. These results confirmed that lignin extracted from coir
ith has excellent ability to adsorb Cr(VI). The coir pith is a poten-
ial adsorbent for removal of Cr(VI) due to the fact that coir pith is
omposed of approximately 36% lignin.

.2. ESR of Cr(VI) adsorption by coir pith at various solution pH

The oxidation state of chromium adsorbed on coir pith after
r(VI) adsorption was measured by electron spin resonance. ESR is a
hysical method for observing resonance adsorption of microwave
ower by unpaired electron spins states in a magnetic field. Cr(III),
ig. 1. ESR spectra of coir pith adsorbed Cr(VI) at various solution pH (conditions:
r(VI) concentration = 990 mg l−1, contact time 18 h, 30 ◦C, dosage = 2% w/v).
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2 (Fig. 3), showed the signal of Cr(III) with g = 1.971 and free radical
with g = 2.006. The presence of Cr(III) signal in the ESR spectra of
lignin indicates that the reduction from Cr(VI) to Cr(III) should occur
in lignin surface after Cr(VI) adsorption. Generally, the reduction of
Cr(VI) to Cr(III) requires a large amount of protons and electrons
ig. 2. ESR spectra for residual solution from Cr(VI) adsorption by coir pith at various
olution pH.

= 1.971 for Cr(III), g = 1.984 for Cr(V) and the large signal of free
adical (g = 2.006) in coir pith. These results indicated two reducing
rocesses, Cr(VI) to Cr(V) and Cr(III) exist. ESR spectra of residual
olution in various pH was also shown in Fig. 2. Cr(III) and Cr(V)
ere not observed in the residual solution in solution pH 2 and

0. This might be confirmed that the reduction process of Cr(VI) to
r(V) and Cr(VI) to Cr(III) only occurred on coir pith surface after
r(VI) adsorption. On the other hand, Cr(III) revealed in the residual
olution in the solution at pH 1. This explained that Cr(III) in solu-
ion at pH 1 occurred from the direct reduction process of Cr(VI)
o Cr(III) in solution because of strong acidic solution. The solu-
ion had shown color change to green-grey. The Cr(III) in solution
as not favorably adsorbed on the coir pith due to the electrostatic

epulsion between Cr3+ and positively charged coir pith. However,
he partial of Cr(VI) at solution pH 1 could be adsorbed on the coir
ith surface which the electrostatic attraction occurred between
he positively charged coir pith and negatively charged HCrO4

−,
ut the ESR of Cr(III) signal on coir pith surface was not clearly
bserved (Fig. 1). This due to the fact that the reduction of Cr(VI)
o Cr(III) occurred very quite low because the percentage of Cr(VI)
dsorption on coir pith is lower in comparison with lignin adsorbed
r(VI) at solution pH 1 and coir pith at solution pH 2.

Coir pith contains major two components, lignin and cellu-
ose (lignin 36%, holocellulose 43.8%, �-cellulose 27.8%). Therefore,
he ESR analysis of lignin, �-cellulose and holocellulose extracted
rom coir pith adsorbed Cr(VI) at solution pH 2 were also investi-
ated to clarify the mechanism of Cr(VI) adsorption on coir pith.
Fig. 3). The Cr(VI) signal (g = 1.984) revealed in the ESR spectra of
-cellulose and holocellulose extracted from coir pith after Cr(VI)
dsorption, while the Cr(III) signal exhibited in the ESR spectra of
ignin adsorbed Cr(VI). These results suggest that in Cr(VI) adsorp-
ion, the reduction process from Cr(VI) to Cr(V) should be occurred
t the cellulose part of coir pith, and that from Cr(VI) to Cr(III), at
ignin part of coir pith.

Generally, Cr(V) is unstable, but it could be observed in the
SR spectra of �-cellulose and holocellulose extracted from coir
ith suggesting that the intermediate Cr(V) may be bound with
lucose [18] composing in cellulose resulted in the Cr(V) com-
lex is stable. To investigate that glucose constituents in cellulose

ay be involved in the Cr(V) complex, ESR spectra of d-glucose

C6H12O6) adsorbed Cr(VI) was measured (Fig. 4). The results show
hat ESR spectra of d-glucose adsorbed Cr(VI) exhibited the sig-
al with g = 1.984, Cr(V) that similar to ESR spectra of cellulose

F
c

ig. 3. ESR spectra of various adsorbents adsorbed Cr(VI) at solution pH 2 (condi-
ions: Cr(VI) concentration = 990 mg l−1 contact time 18 h, 30 ◦C, dosage = 2% w/v).

dsorbed Cr(VI). Thus, it confirmed that glucose in cellulose could
e bound with Cr(V). Cr(III) was also not revealed on the surface of
ither holocellulose or �-cellulose. This indicates that the reduc-
ion of Cr(VI) to Cr(III) had not occurred due to the fact that the
lectron supply from cellulose for the reducing of Cr(VI) to Cr(III)
s not enough. In addition, pentosan is also the composition in coir
ith about 16.2% (data not shown). Xylose (C5H10O5) is the main
omponent in pentosan. Therefore, xylose was used as adsorbents
or the representative of the pentosan in coir pith for ESR experi-

ent. As seen in Fig. 4, the results showed that the Cr(V) revealed
n the xylose adsorbed Cr(VI). This indicates that the reduction of
r(VI) to Cr(V) should also occur. Therefore, xylose and holocellu-

ose and �-cellulose are involved in the reduction of Cr(VI) to Cr(V)
n coir pith.

The ESR spectra of lignin after Cr(VI) adsorption at solution pH
ig. 4. ESR spectra of d-glucose and d-xylose adsorbed Cr(VI) (conditions: Cr(VI)
oncentration = 990 mg l−1, solution pH 2, contact time 18 h, 30 ◦C).
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Fig. 6. ESR spectra of holocellulose adsorbed Cr(VI) at various solution pH.

p
reduced to Cr(III). However, the signal intensity of Cr(III) at solution
pH 10 was more clearly observed than pH 1 and 2. This explained
that the precipitation of Cr(OH)3 occurred at high solution
pH (pH 10).
ig. 5. ESR signal sterile coir pith and non-sterile coir pith adsorbed Cr(VI) (con-
itions: Cr(VI) concentration = 990 mg l−1, solution pH 2, contact time 18 h, 30 ◦C,
osage = 2% w/v).

19]. Therefore, the reduction from Cr(VI) to Cr(III) could occur due
o the fact that the hydroxyl groups [20] and carbonyl groups [21]
ontained in lignin play a role as electron donor for the reduction
eaction. The reduced Cr(III) on the lignin surface may be bound
ith carbonyl (C O) and methoxy group (O–CH3) in lignin struc-

ure through a coordinate covalent bound [13]. Therefore, the Cr(III)
ignal on the lignin was observed by ESR.

From literature reviews reported that the appearance of Cr(V)
s a known intermediate product during the reduction of Cr(VI) to
r(III) by various plants, algae and bacteria that are living organisms
7]. Howe et al. [5] reported that those ESR spectra on subterranean
lover plant adsorbed Cr(VI) revealed the presence of Cr(III) with
oth the low and high concentration Cr(VI) sorption and inter-
ediate Cr(V), Cr(IV) with the high concentration. However, Cr(V)

ignal could be observed in coir pith adsorbed Cr(VI) as shown in
ig. 5, which is different from other research studied. Therefore, the
onfirmation for coir pith which is a non-living biomass was ster-
lized by autoclave at 121 ◦C for 2 h. The comparison of ESR spectra
etween sterile coir pith and non-sterile coir pith were presented

n Fig. 5. The results indicate that the ESR signal for non-sterile coir
ith and sterile coir pith at solution pH 2 is not different. The Cr(V)
ignals were exhibited both in non-sterile coir pith and sterile coir
ith adsorbed Cr(VI) at solution pH 2.

.3. ESR of Cr(VI) adsorption by holocellulose, ˛-cellulose and
ignin extracted from coir pith at various solution pH

The ESR spectra of Cr(VI) adsorbed on holocellulose and �-
ellulose extracted from coir pith at various solution pH were
hown in Figs. 6 and 7, respectively. The results showed that the ESR
pectra of holocellulose and �-cellulose adsorbed Cr(VI) at solution
H 1, 2 and 10 exhibited the ESR signals with g = 1.984 for Cr(V). The
resence of Cr(V) indicated that Cr(VI) adsorbed on cellulose was
educed to Cr(V). In addition, the results showed that the signal
ntensity of Cr(V) at solution pH 10 is higher than pH 1 and 2 due to
he fact that the Cr(VI) species in solution are different. The species

f Cr(VI) in the high solution pH is CrO4

2− while the form of Cr2O7
2−

s the predominant in the low solution.
Fig. 8 showed the ESR of Cr(VI) adsorbed on lignin extracted from

oir pith at various solution pH. The Cr(III) signal with g value = 1.971
as observed in the ESR spectra of lignin absorbed Cr(VI) at solution
Fig. 7. ESR spectra of alphacellulose adsorbed Cr(VI) at various solution pH.

H 1, 2 and 10. This indicated that the Cr(VI) adsorbed on lignin was
Fig. 8. ESR spectra of lignin adsorbed Cr(VI) at various solution pH.
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Fig. 10. Pseudo first order kinetic plots for Cr(VI) adsorption by coir pith (conditions:
Cr(VI) 990 mg l−1, temperature 30 ◦C, solution pH 2, dosage = 2% w/v, particle size
< 75 �m).
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ig. 9. ESR spectra of coir pith adsorbed Cr(VI) at solution pH 2 under various contact
ime.

.4. ESR of Cr(VI) adsorption at various time

The ESR signals of coir pith adsorbed chromium in various con-
act time were shown in Fig. 9. The Cr(V) signal (g = 1.984), Cr(III)
g = 1.971) and free radical (g = 2.006) were revealed in coir pith and
hat the signal intensity of Cr(V) was gradually increased with time
p to 18 h, while the Cr(III) was almost constant. The signal inten-
ity of Cr(V) increased with increasing the contact time due to the
ncrease in the amounts of Cr(VI) adsorbed on coir pith. This led to
he increase in the reduction of Cr(VI) to Cr(V) in cellulose part of
oir. The amounts of Cr(VI) adsorption by coir pith were 11.22 and
3.47 mg g−1 for 30 min and 18 h, respectively.

.5. Adsorption kinetics

The adsorption kinetics of Cr(VI) adsorption on coir pith can
e determined by the pseudo first order and pseudo second order
odel. The pseudo first order model is presented by the Lagergren

quation as follows [22]:

og(qe − qt) = log (qe) − k1 t

2.303
(1)

here qt and qe are the amounts of Cr(VI) adsorbed (mg g−1) at
ny time t and at equilibrium, respectively; k1 (min−1) is the rate
onstant of the pseudo first order adsorption. The values of qe and
1 can be determined from the intercept and slope of the plot of
og (qe − qt) versus t (Fig. 10), respectively, and are listed in Table 1.
he pseudo second order model according to Ho and Mackay [23]
s expressed as:(2) t

qt
= 1

k2qe2 + t
qe

where k2 (g−1 mg−1 min−1) is the

ate constant of the pseudo second order model. The plot of t/q
ersus t is presented in Fig. 11. The values of qe and k2 can be cal-
ulated from the slope and intercept of the plot, respectively, and

re shown in Table 1. The pseudo second order model shows a bet-
er fitting model than the pseudo first order model because of the
igher coefficient correlation (r2). In addition, it can be seen from
able 1 that the theoretical value of qe calculated by pseudo sec-
nd order model is quite close to the experimental values, while qe

g
q
r
d
i

able 1
inetic parameters for Cr(VI) adsorption by coir pith (conditions: Cr(VI) 990 mg l−1, temp

odel qe(exp) (mg g−1) qe(cal) (mg

seudo first order 42.71 17.827
seudo second order 42.71 39.21
ig. 11. Pseudo second order kinetic plots for Cr(VI) adsorption by coir pith (condi-
ions: Cr(VI) 990 mg l−1, temperature 30 ◦C, solution pH 2, dosage = 2% w/v, particle
ize < 75 �m).

alculated by pseudo first order is different from the experimental
alue. Thus, it is suggested that the adsorption kinetics of Cr(VI) on
oir pith are appropriately described by the pseudo second order
odel. A similar phenomenon has been observed in Cr(VI) adsorp-

ion by used tyres and sawdust [24]and ethylenediamine modified
ice hull [25]. The adsorption kinetics fitted well with the pseudo
econd order model. This suggested that the adsorption of Cr(VI)
n coir pith involved a chemisorption process [25,26].

.6. Desorption study

In batch studies, the desorption experiments were studies using
M HNO3 and 1 M NaOH as eluents. The Cr(VI) desorption with
M NaOH was 15.63%. In addition, Cr(III) can be desorbed with 2 M
NO3 approximately 71.48%. This indicated the high percentages
f Cr(III) desorption with 2 M HNO3. However, Cr(III) desorption is
ot reach 100% (only 71.48%) although the 2 M HNO3 is very strong
cidic solution for desorption. It suggested that Cr(V) bound with
lucose in cellulose part of coir pith (data from ESR experiments) is

uite stable. Therefore, it cannot be desorbed in the solution. These
esults confirmed that Cr(VI), Cr(V) and Cr(III), exit in coir pith. The
esorption data indicated that percentage of Cr(VI), Cr(V) and Cr(III)

n coir pith were 15.63%, 12.89% and 71.48%, respectively.

erature 30 ◦C, solution pH 2, dosage = 2% w/v, particle size < 75 �m)

g−1) Rate constant r2

k1 (min−1), 0.00368 0.9721
k2 (g mg−1 min−1), 0.00159 0.9972
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. Conclusions

The ESR spectra of coir pith adsorbed Cr(VI) at solution pH
exhibited both Cr(V) and Cr(III) signals, while ESR spectra of

ignin extracted from coir pith revealed Cr(III) signal. On the other
and, ESR signal of Cr(V) was observed in �-cellulose and holo-
ellulose extracted from coir pith adsorbed Cr(VI). These results
uggested that there exist a couple of Cr(VI) adsorption sites, cellu-
ose site with the reduction process from Cr(VI) to Cr(V) and lignin
ite with that from Cr(VI) to Cr(III). The Cr(V) signal exhibited in
SR of �-cellulose and holocellulose might be bound with glu-
ose in cellulose part of coir pith. In addition, xylose which is the
ain in pentosan part of coir pith, indicated that it is involved in

orm complex with Cr(V) on coir pith. The adsorption kinetic for
r(VI) adsorption on coir pith fitted well with pseudo second order
odel, indicating that the mechanism of Cr(VI) adsorption on coir

ith involved the chemisorption process. From ESR and desorption
xperiments confirmed that Cr(VI), Cr(V) and Cr(III), exist in coir
ith after Cr(VI) adsorption. The desorption data indicated that per-
entage of Cr(VI), Cr(V) and Cr(III) in coir pith were 15.63%, 12.89%
nd 71.48%, respectively. The percentage of Cr(VI) adsorption on
ignin extracted from coir pith has quite high (84.63% at solution
H 2) when compared to the holocellulose (16.92% at solution pH
) and �-cellulose (6.94% at solution pH 2).
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