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Cr compounds have two common oxidation states: trivalent and hexavalent.
Cr(V]) has been found to be carcinogenic and mutagenic (Maria, 1995). On the
other hand, Cr(IIl) is recognized as a micronutrient necessary for human heaith. In
the environment, Cr(VI) can be reduced to Cr(Ill) by Fe(II), MnO, humic
substance, etc; while Cr(Ill) is oxidized to Cr(VI) by MnO,. Cr(VI)-containing
waste water from the electroplating industry will contaminate soil and
underground water if it is not adequately treated. The conventional method for
treating Cr(VI)-containing waste water is to reduce Cr(VI) to Cr(Ill) with
reductants such as sulfur-containing compounds that are in reduced form. Cr(IIl) is
precipitated by adjusting the pH of the solution to alkalinic condition (pH~10).
Such a Cr(VI)-removing process requires various chemicals. Therefore the
alternative method of removing Cr(VI) by using naturally-occurring organic
substances (e.g., debris of plants) has great potential for practical application. The
plants used to remove heavy metals from waste water should at least have two
important characteristics: (i) a considerable sorption capacity, and (i1} a rapid
growth rate. Various plants growing in a water system have been used to remove
heavy metals from water. Water hyacinth was used to remove Cr(VI) from waste
water (Lytle et al., 1998). Cr(VI) was reduced to Cr(Ill) at the roots and
transferred to other parts of water hyacinth (Lytle et al., 1998). In leaves, Cr(III)
was considered to be complexed with oxalate ligands (Lytle et al., 1998). Wan and
Sun (1999) raised water hyacinth, pistia, duck weed, and floating fern in
Cd-containing water and found that water hyacinth could better tolerate Cd
toxicity than the others. Cr(I1I) was found to be more effectively removed by duck
weed than Cu(I) (Wahaab, 1995). Pistia stratiotes (L.) demonstrated a rapid
growth rate, and it removed Cd from 1—6 mg/L aqueous solution (Maine, 2001).
X-ray absorption spectroscopy (XAS) technology was used to study the Zn sorbed
by Thlaspi caerulescens (J. & C. Presl.) and Zn was determined to be complexed
with histidine in the root and shoot; while Zn existed as a hydrated form in xylem
(Salt et al., 1999). Eu(ll)-containing water was remedied with Eichhornia
crassipes (Mart. Solms.), and Eu(II) was found by SEM technique to be associated
with the root surface through the carboxylic group and hydration (Kelley and
Mielke, 1999). Lee et al., studied the sorption of heavy metals onto 27 living
plants, and concluded that Nagjas graminea was a better candidate for sorbing
heavy metals due to its rapid growth rate and high sorption capacity (Lee et al,,
1998).
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Some factors need to be carefully considered for using living plants to remove
heavy metals from water. These include toxicity of heavy metals to plants, pH and
temperature conditions, and supply of nutrients. Therefore dead biomass seems to
have more advantages in the removal of heavy metals (Moffat, 1995). The
objective of this study is to use the debris of Najas graminea and Pistia stratiotes
to remove Cr(VI) from water.

MATERIALS AND METHODS

Najas graminea and Pistia stratiotes were collected from southern Taiwan. They
were rinsed with de-ionized water, dried at 10515°C in an oven, and finally
ground to a size smaller than 50 mesh. Experiments of Cr(VI) sorption onto three
plant debris types (whole plant of Najas graminea, leaves of Pistia stratiotes, and
roots of Pistia stratiotes) were carried out as follows. Each 100 mL
Cr(VI)-containing solution (500, 1000, 2000, or 4000 mg/L) was end-to-end
mixed with 5 g debris in a 100 mL PE bottle at a rotating speed of 30 rpm. The
mixing time was 0.5, 1, 2, 4, 12, 36, or 48 hr. After the specified time, the mixture
was solid-liquid separated using a Nj-pressurized filtration process. Cr
concentration in the liquid phase was determined with a flame atomic absorbency
spectrometer (FAAS) (Z-6100, Hitachi, Japan) that used C,Hy/air flame for the
atomizer, and the solid phase (Cr-sorbed debris) was dried at 30+5°C until the
weight remained constant. The change of morphology of the dried biomass debris
prior to and after Cr(VI) sorption was studied with scanning electron microscopy
(SEM) (JXA-840, JEOL, Japan) and XAS (Wiggler BL 17C, Synchrotron
Radiation Research Facility, Taiwan, which had a storage energy of 1.5 GeV and a
beam current of 120-200 mA). An XAS spectrum can be divided into three regions:
(i) the pre-edge region, (ii) the X-ray absorption near edge structure (XANES),
and (iii) the extended X-ray absorption fine structure (EXAFS). The XANES
region contains information such as electronic state and intensity of d-orbital
occupation. The EXAFS region can be analyzed for information on the molecular
environment of the selected target element (e.g. Cr in this study). Coordination
numbser, interatomic distance, and degree of array order of each coordinated shell
can generally be derived through the analysis of the EXAFS region. Spectra of
both XANES and EXAFS regions are collected in an XAS measurement. The
collected XAS spectra were analyzed using WinXAS 2.0 software (Ressler, 1998)
to determine Cr speciation in samples.

The quality control (QC) approach for the measurement of Cr in the liquid phase
was as follows. Cr(III) stock solution (1000 mg Cr**/L, Merck) was diluted into
five different concentrations (0—4.0 mg/L), followed by the measurement of Cr
with the FAAS to produce a calibration curve. Triplicate measurements for each
concentration were made in this study. The correlation coefficient (r2) for any
calibration curve was required to be greater than 0.995. A QC standard of certified
Cr concentration was measured with the FAAS to check the validity of the
calibration curve for each 20 measurements of the unknown samples. If the
recovery yield of the measured QC standard was within 80—120%, the calibration
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curve was acceptable; otherwise, a new one was re-constructed and the last 20
unknown samples were re-measured for their Cr concentrations. The method
detection limit (MDL) was determined as follows. An unknown sample was
diluted to a level where the FAAS signal-to-noise ratio was just greater than three,
and then the diluted unknown sample was measured by the FAAS in 12 replicates.
Three times the standard deviation of the 12 replicate measurements was
considered as the absorbency for MDL. The MDL for Cr was determined to be 32
ug Cr/L.

RESULTS AND DISCUSSION

Figure 1 shows the Cr sorption quantity with increasing sorption time from water
containing 500—4000 mg/L chromium by N graminea, and leaves and roots of P,
stratiotes. From a quick glance at this figure, it is clear that the Cr sorption
capacity was in the following decreasing order: roots of P. stratiotes > leaves of P.
stratiotes > N. graminea. It appears that after 24-hr sorption, the Cr sorption by
each debris type reached a solid-liquid equilibration, with a few exceptions. As
shown in Table 1, these sorption data have been modeled with a Langmuir
isotherm, and the correlation coefficient (r ?) was 0.943—0.970. However, the
Langumir fit did not give a reasonable maximum sorption capacity. In contrast, the

fitting of sorption data with the Freundlich equation resulted in reasonable results.
The Freundlich equation is:

qe=KCclln

where g : amount of sorbate adsorbed per unit weight of adsorbent (mg/kg)
K : the adsorption capacity (L/’kg)
Ce: the equilibrium concentration of sorbate in solution (mg/L)
n : the adsorption intensity

The fitting results are indicated in Table 2. Both “K” and “n” values are in the
following decreasing order: Pistia roots > Pistia leaves > N graminea. This

suggests that Pistia root has the strongest sorption capability, with N graminea the
weakest and the Pistia leaves in between.

Table 1. Fitting results based on the Langmuir isotherm

sample correlation coefficient (%) Q (mg/kg)
N graminea 0.968 -
leaves of P. stratiotes 0.970 -
roots of P. stratiotes 0.943 -

-: cannot be reasonably calculated (negative values)
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Figurel. Effect of sorption time on Cr sorption quantity by debris of N. gramines,
Pistia leaves, and Pistia roots from 500—4000 mg Ct/L aqueous solution.

843



Table 2. Fitting results based on the Freundlich isotherm

sample correlation coefficient (1) K n
N. graminea 0.916 0.84x107 0.64
leaves of P. stratiotes 0.927 1.36x107 0.95
roots of P. stratiotes 0.924 1.79x107 1.01

Figure 2 presents the morphology change of N graminea, leaves of P. stratiotes,

and roots of P. stratiotes prior to and after Cr(VI) sorption for 48 hr. It shows that

the morphology of leaves of P. stratiotes was considerably changed after the Cr(VI)
sorption. This was probably due to the oxidation capability of Cr(VI). In contrast,

the morphologies of N graminea and roots of P. stratiotes were not significantly

altered after Cr(VI) sorption.

Figure 3 shows the XANES fitting results (left column) and their corresponding
EXAFS (right column) simulation for the N graminea, leaves of P. stratiotes, and
roots of P. stratiotes sorbing Cr(VI) in the 2000 mg/L solution for 48 hr. The
XANES spectra indicate an absence of the pre-edge peak that is a characteristic of
Cr(VI) XANES specta (Bajt et al, 1993). During the 48-hr sorption, Cr(VI) onto
all debris was reduced to Cr(III). To determine Cr speciation in these samples,
three reference compounds were used: CrO;, Cr(OH)3, and Cr3(OH),(OOCCCH3),.
CrO; was selected as a reference compound because it was used to prepare the
Cr(VI) solution in this study. Cr(OH); was selected because previous literature
(Jardine et al, 1999) reported its existence in research related to the interaction
between Cr(VI) and organic substance. The selection of Cr;3(OH),(OOCCCH;),
was a difficult decision. In the early stage of this study, we found that XANES
fitting was always unsuccessful by using various combinations of CrO;,
Cr(OH)3,and Cr,03, thus an effort was made to seek for various kinds of organic
Cr(IIT) compounds. Cr3(OH),(OOCCCHj3); turned out to be the most suitable one
in the aspects of the performance of XANES fitting and of the functional groups it
contains. Previous literature has recognized that carboxylic and alcoholic groups
were the most common functional groups in plants or humic substance that sorb
heavy metal ions. Although there is minor deviation of the simulated EXAFS from
the experimental one (see Figure 3), we suggest that Cr(OH); precipitated onto
these three debris types generally accounts for less than 50% of total Cr, while
organic Cr(III) represents about 50—70% of the total sorbed Cr. We suggest that
the organic Cr(III) bonds to the carboxylic and hydroxyl functional groups of the
debris through an ion-exchange mechanism following its formation from Cr(VI)
reduction by the debris. It should be noted that the minor deviation of EXAFS
simulation might have been due to a greater noise signal at higher k (see Figure 3).

In conclusion, the debris of N. graminea, leaves of P. stratiotes, and root of P
stratiotes effectively sorbed Cr(VI) from Cr(VI) solution. Nearly all sorbed Cr(VI)
was then reduced to Cr(III) by the debris. We suggest that about 53-67% of the
Cr(III) was in an organic form, while the rest was in Cr(OH); that was precipitated
on the debris
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Figure 2. Morphologies of debris of N. graminea, Pistia leaves, and Pistia roots
prior to (a-c) and after (a-c) Cr(VI) sorption.
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Figure 3. Fitting of XANES spectra and simulation of EXAFS spectra for the
debris of N. graminea, Pistia leaves, and Pistia roots sorbed with Cr(VI).
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