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Abstract

This study reports the surface interaction of the chemically modified marine unicellular cyanobacterium Synechococcus
elongatus BDU130911 with uranium. The selective functional groups of the control (dead biomass) for binding with uranium
in unicellular marine cyanobacteria were identified as carboxyl groups. The adsorption capacity of the biomass in a 1 mM
uranium solution was found to be 92% in the control, 85% in the amine-blocked treatments, and 20% in the carboxyl-blocked
treatments. The Langmuir isotherm provided a good fit to the data, suggesting a monolayer of uranium adsorption on all
the tested biomass. The functional groups involved in the adsorption of uranium by the control and modified biomass were
assessed by Fourier transform infrared spectroscopy, energy dispersive X-ray fluorescence and X-ray diffractive analysis.
The results of this study identify, carboxyl groups as the dominant anionic functional group involved in uranium adsorption,
which validates an ionic interaction between the biomass and uranium, a cationic metal.

Keywords Marine cyanobacteria - Chemical modification - Uranium biosorption - Functional group blocking - EDXRF -

FTIR

Introduction

Uranium occupies an important position in nuclear energy.
This naturally occurring radionuclide contaminates the
environment as a result of a variety of processes associated
with the nuclear industry (Newsome et al. 2014). Finding an
economic, sustainable bioremediation method for uranium
contamination using microbial biomass is a challenging task
for scientists across the globe (Hlihor et al. 2014).
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Recovery or removal of heavy metals from the environ-
ment by living organisms through various physico-chemical
interaction processes has been in vogue for the past two dec-
ades (Kyzas et al. 2013). Like other metals, biosorption of
uranium from sea water, nuclear waste, and soils has recently
gained the attention of nuclear scientists. There are several
reports for recovery of uranium contamination using bio-
mass in the forms of fungi (Liang et al. 2015), bacteria (Wil-
liamson et al. 2014), and algae (Lee et al. 2014). Although
a number of microorganisms have potential for aiding in
uranium remediation efforts, the combination of a large sur-
face volume ratio, wide adaptability, and easy scalability
from lab- to industrial-sized bioreactors suggests greater
potential for cyanobacteria, the unique oxygen-evolving
photosynthetic prokaryotes (Singh et al. 2017).

Marine cyanobacteria are considered to offer more
advantages due to their high adaptability and applicability
(Thangaraj et al. 2017). These organisms are also known
to sequester radionuclides through an extracellular metal-
binding process that involves ionic interaction, precipitation,
complexation, co-ordination, etc. (Rashmi et al. 2013).

Metal adsorption to biomass occurs through interac-
tions with functional groups present in proteins, lipids,
and carbohydrates that compose the cell wall (Acharya and
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Apte 2013). To maximize the efficacy of the adsorption to
biomass, it is important to identify the functional groups
responsible for metal binding so that the biomass can be
suitably modified. In this study, the surface of the marine
cyanobacteria was chemically modified to elucidate the
functional groups involved in uranium sequestration, sug-
gesting new directions for cyanobacterial bioremediation.

Materials and methods
Chemicals

Analytical-grade chemicals were used throughout this study.
Chemicals for biomass modifications and uranium estima-
tion were from Sigma-Aldrich, USA. A filter-sterilized
stock solution of uranyl acetate (Otto, USA) was used in
the experiments.

Source of biosorbent

Synechococcus elongatus BDU130911, a unicellular marine
cyanobacterium, was obtained from the repository of
National Facility for Marine Cyanobacteria, Bharathidasan
University, Tiruchirappalli, India. The criteria for selecting
S. elongatus BDU130911 were its rapid growth and high
efficacy of uranium adsorption as observed in our earlier
studies (Rashmi et al. 2013). The organism was grown in
ASN III marine synthetic medium (Rashmi et al. 2013)
under white fluorescent light at an intensity of 20 pmol pho-
ton m? s~! with a 14:10 light: dark cycle at 25 + 2 °Cin a
controlled culture room. All biosorption experiments were
carried out in triplicates, and the data were expressed as the
mean with SD using Origin 8 software, OriginLab Corp.,
Northampton.

Preparation of biosorbents
Dead biomass

Synechococcus elongatus BDU130911 was harvested by
centrifugation (7000xg for 15 min) from the stationary
phase of its growth (10th day). The pellet was immediately
rinsed with distilled water, followed by a second centrifuga-
tion, and inactivated by heating with a few drops of 0.1 N
NaOH in an oven at 60 °C overnight (Bai et al. 2010). The
heat-killed biomass was then washed with deionized water
to remove the alkali and again centrifuged at 7000xg. The
dried pellet was used as the control biomass for the uranium
biosorption studies.
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Preparation of functional group-blocked biomass

To identify the predominant functional group(s) involved in
uranium binding, carboxyl and amine groups of S. elonga-
tus BDU130911 biomass, initially prepared as described for
the control biomass, were discretely blocked following the
methods described below.

Carboxyl group blocking

Dried heat-killed biomass (0.5 g dry weight) of S. elongatus
BDU130911 (control biomass) was suspended in a mixture
of 20 ml of anhydrous methanol and 2 ml of concentrated
hydrochloric acid. The mixture was agitated on a rotary
shaker at 125 rpm for 6 h (Kapoor and Viraraghavan 1997).
The treated cell suspension was harvested by centrifuging
at 7000xg for 5 min, washed with distilled water, and then
dried. This treatment was referred to as the carboxyl-blocked
biomass.

Amine group blocking

Similar to the above, dried heat-killed biomass (0.5 g dry
weight) of S. elongatus BDU130911 (control biomass) was
suspended in 10 ml of formaldehyde and 5 ml of formic acid
and then agitated at 125 rpm for 6 h (Kapoor and Virara-
ghavan 1997). The resulting pellet was consecutively washed
by centrifugation and dried as described earlier. This treat-
ment was referred to as the amine-blocked biomass.

Collectively, the carboxyl-blocked and amine-blocked
dead biomass treatments were referred to as modified
biomass.

Uranium adsorption studies

To identify the efficient functional group(s) involved in
uranium adsorption, experiments were carried out using
control and modified biomass. Control and modified bio-
mass samples (0.1 g dry weight) were suspended in 10 ml
of uranium solution with concentrations viz. 0.1, 0.5, 1, 5,
and 10 mM. The biomass and uranium mixtures were incu-
bated on a shaker at 150 rpm and 37 °C. The supernatant
was separated by centrifugation (12,000xg for 5 min) at a
regular interval of 30 min for 2 h. A sensitive colorimetric
method for the determination of residual uranium concen-
tration was performed with the reaction of dibenzoylmeth-
ane with uranium (V1), described by Rashmi et al. 2013.
The reagent was alcoholic, colorless, and stable contain-
ing 1% dibenzoylmethane dissolved in 95%, distilled ethyl
alcohol. To 1 ml of residual uranium solution 0.5 ml of
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1% dibenzoyl methane solution was added (mole ratio of
reagent is 2:1). A yellow complex forms instantaneously
and had a maximum absorbance at 395 nm.

The amount of adsorbed uranium (g,,,,) was calculated
using a linearized form of Langmuir isotherm (Langmuir
1918) as follows:

Ce [( 1 > 1 Ce
()]
qe Doax ) \ D Imax
where ‘g, is the maximum metal adsorbed (mg g~!) and
‘b’ is the ratio of adsorption rate to the energy of adsorption.

Uranium adsorption analysis
Fourier transform infrared spectroscopy (FTIR)

To perform FTIR analysis, sample disks were prepared
from both control and modified biomass incubated with
and without uranium. Disks were made by mixing 5 mg
of dry biomass with 150 mg of potassium bromide (KBr)
and then pressed into tablet form (Kannan et al. 2013).
Infrared spectra were recorded over the 4000400 cm™!
region with a resolution of 0.2 cm (Perkin Elmer Spectrum
GX FTIR, U.S.A.).

Energy dispersive X-ray fluorescence (EDXRF)

Uranium adsorption by the control and modified biomass
of S. elongatus BDU130911 was characterized with an
energy dispersive X-ray fluorescence (EDXRF) spectrom-
eter (Xenemetrix, EX-6600SDD). The X-ray spectrome-
ter had a silicon drift detector with a beryllium window
at 150 eV resolutions, which detects the characteristic
radiation emitted by uranium. A spectroscopy amplifier
was connected to a PC-based multi-channel analyzer. An
acquisition time of 2000 cps was maintained for the tested
biomass (Omale et al. 2014).

X-ray diffraction (XRD)

The binding consistency of uranium adsorbed to homog-
enized cyanobacterial biomass was also analyzed by X-ray
powder diffraction (XRD) using a high-precision, Bruker
powder X-ray diffractometer (DS- advance, Germany)
with a Ni filter and an exposure time of 2 h. The texture
of the biomass was interpreted by its diffraction pattern
recorded from 10 to 70, with the step length of 26 being
0.02° (Acharya et al. 2009).

Results and discussion

The biosorption process involves the interaction of metal-
lic ions with functional groups that make up the cell
wall of certain microorganisms. This type of biosorbent
consists of dead and metabolically inactive cells. Alkali-
treated dead biomass of marine cyanobacteria is known to
adsorb heavy metals, namely nickel, copper, zinc, cobalt
(Goswami et al. 2014). Further, this biomass is reported to
biodegrade a wide range of simple to complex compounds
such as lignin, azo dye, and complex phenols (Singh et al.
2017) and to sequester radionuclides (Rashmi et al. 2013).
Thus, the use of cyanobacteria as biosorbents provides a
solution for two key issues: (i) increased use of chemicals
and (ii) high energy costs of treatment processes.

The general goal for metal biosorption research is to
identify biosorbents that can more effectively sequester
heavy metals and provide a viable bioremediation technol-
ogy (Ahad et al. 2017). The physical and chemical pre-
treatment process of biological material can affect proper-
ties of both the sorbate and biosorbent causing an increase
in the biosorption rate (Newsome et al. 2014). Common
physical treatments are heating, autoclaving, and freeze
drying, whereas chemical treatments include the applica-
tion of acids, alkalis, or organic chemicals, which results in
modifications of specific functional groups (He and Chen
2014). The cell wall of cyanobacteria consists of polysac-
charides, proteins and lipids, offering several functional
groups, namely hydroxyl, carboxyl, and amino groups,
which play a key role in the biosorption of cations from
aqueous solutions (Acharya and Apte 2013). The objective
of this study was to explicate the functional groups pre-
sent on the surface of marine cyanobacterium S. elongatus
BDU130911 and their roles in uranium adsorption.

Uranium biosorption experiments

The biosorption of heavy metal ions by microorganisms has
often been observed to occur rapidly in two stages: the first
stage is the transport of metals from aqueous solution to the
surface of the adsorbent, and the second stage is the binding
of the metals to available functional groups of adsorbent.
The results of uranium adsorption to control and modified
biomass after 24 h of treatment with various uranium con-
centrations, namely 0.1, 0.5, 1, 5, and 10 mM, are shown in
Fig. 1. The greatest percentage of uranium (92%) was found
to be adsorbed to the control biomass incubated with 1 mM
uranium, whereas amine-blocked biomass adsorbed 80% and
carboxyl-blocked biomass adsorbed 20% of 1 mM uranium.
The higher proportion of uranium binding to the con-
trol biomass of S. elongatus BDU130911 may be due to
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Fig. 1 Uranium biosorption 100
with various concentrations of
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the stronger negative charge on the biomass surface and
associated slight alkalinity (Fig. 1). According to Dotto
et al. (2012), binding sites for metal cations in biomass are
more accessible above neutral pH (7.5-8.5). In contrast, at
lower pH (< 6.0), the surface of cyanobacterial biomass
acquires more H;O" ions, which protonate amino groups
to form NH;r and positively charge the surface, repelling
metal cations. In other words, at an acidic pH, the cyano-
bacterial biomass surface is positively charged, and at a
slight alkali pH, the surface is negatively charged, which
is substantiated in the present study with uranium cations.

The present results (Fig. 1) also show a substantial
decrease in uranium adsorption when carboxyl groups are
blocked, denoting the predominance of negatively charged
groups in the adsorption process. Less uranium adsorption
are observed in the carboxyl group-blocked biomass com-
pared to the control biomass, is similar to the findings of
Xie et al. 2008, in which esterification of carboxyl groups
through methanol treatment prevented uranium adsorption
on the negative functional groups available on the biomass
surface. Similar results have also been reported by Chen
et al. (2007) for pronounced decrease in Cu?* and Zn>* bind-
ing after methanol esterification of biomass.

The reduction in uranium adsorption of the amine-
blocked biomass compared to the control biomass is due
to the formaldehyde treatment, which caused methylation
of amino groups, reducing the number of positive charges
on the biomass surface, thereby blocking NH:lr groups (Bai
et al. 2010). The methylation of amino groups made more
carboxyl (negative) groups available on the biomass surface,

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

I
4

00777777

7

A\ FEEN

Uranium concentrations (mM)

Amine group blocked @ Carboxyl group blocked

facilitating the binding of uranyl cations to the surface.
Overall, these results suggest that uranium adsorption to
the biomass of S. elongatus BDU130911 is due to a strong
electrostatic attraction that appears to be a selective process.

Adsorption isotherm analysis

The uranium adsorption process was assessed using the
Langmuir isotherm, which was found to provide a good
fit to the data and implies achievement of equilibrium in
metal adsorption by the tested biomass. According to the
Langmuir model, biosorption occurs at specific sites on
the biomass surface, and once a metal ion occupies all the
available binding site, no further adsorption occurs at that
site, suggesting monolayer adsorption (Bulgariu and Bul-
gariu 2014). Biosorption data reveal that the rate of uranium
adsorption in both the control and modified biomass was
swift, attaining equilibrium within an hour, which indicates
a good fit for the Langmuir adsorption isotherm (Table 1).
The maximum metal biosorption capacity (g,,,,) estimated
by this model was 208, 192 and 50 pgmg~' dry weight, for
control, amine-blocked and carboxyl group-blocked bio-
mass, respectively (Table 1). The g,,,, value predicted from
the Langmuir model is in agreement with the experimental
absorption value. According to Akara et al. (2013), an initial
rapid metal adsorption rate is due to the presence of instanta-
neous surface adsorption sites, and when these sites became
gradually covered, the rate of adsorption attains a plateau.
As the metal concentration increases, the adsorbent reaches
a saturated state, and no further adsorption is observed. As
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Table 1 Langmuir adsorption isotherms for S. elongatus BDU130911 biomass with 1 mM uranium, incubated at 120 rpm, pH 7, 37 °C: (i) con-

trol, (ii) amine group blocked, and (iii) carboxyl group blocked

Adsorbent % Uranium adsorbed (min) Gnax (RQMg™!  Langmuir P
dry weight constant (b)
0 30 60 90 120
Control 0+ 0.05* 65 +0.79* 92 +0.5% 92 + 0.50* 92 +0.37° 208 + 0.68* 0.001 0.99
Amine group blocked 0+0.07* 58 +0.68* 82 +0.61% 82 + 0.49° 82 + 0.55* 192 +0.43* 0.008 0.99
Carboxyl group blocked 0+ 0.08* 18 +0.84* 20 + 0.44° 20 + 047° 20 + 0.62° 50 + 0.55% 0.026 0.95

4Standard error value

explained by Kazy et al. (2009), high metal concentrations
result in competition between the metal ions and available
surface-binding sites, reducing the probability of metal
binding. This explains the reduction in uranium adsorption
observed in the present study at concentrations above 1 mM.

Adsorption analysis
FTIR of biomass pretreated with uranium

The cell surfaces of microorganisms consist of polysac-
charides, proteins and lipids, offering several functional
groups for the binding of heavy metal ions (Acharya and
Apte 2013). The effects of the chemical treatments of S.

Fig.2 FTIR profile of S. elong-
atus BDU130911 biomass prior
to uranium treatment: a control,
b carboxyl group blocked, and ¢
amine group blocked
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of C-O group. These peak shifts seen in the carboxyl group-
blocked biomass validate the esterification of carboxyl
groups (Fig. 2b).

In the amine-blocked biomass, a major peak shift was
observed from 3289 to 3783 cm™!, elucidating variation in
the amino groups, which is in contrast to the control bio-
mass, where a trough at 3290 cm™! indicates -NH group.
The peaks at 3289 to 3783 cm™! are ascribed to the stretch-
ing vibration of N-H and O-H bands. Furthermore, a sharp
bend in the amine-blocked biomass at 1394 cm™! indicates
the presence of methyl groups. Collectively, these changes
in the amine group block biomass imply the methylation of
amine groups. (Fig. 2c¢).

FTIR of biomass after uranium treatment

After treatment with uranium, new peaks at wave lengths of
905-930 cm™' were seen in all the three biomass treatments
(control, carboxyl-blocked, amine-blocked). These peaks are
due to the asymmetric stretching vibration of UO>*, which
corroborates the findings of Frost et al. (2006). These peaks
are more intense in the control biomass than in the modified
biomass, suggesting the higher efficiency of uranium adsorp-
tion by control biomass. Further, the trough associated with

Fig.3 FTIR profile of S. elong-
atus BDU130911 biomass after
uranium treatment: a control, b
carboxyl group blocked, and ¢
amine group blocked
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EDXRF

Energy dispersive X-ray fluorescence (XRF) compositional
maps reveal the elemental selectivity for uranium associ-
ated with the control and modified biomass of S. elongatus
BDU130911. EDXRF analysis is based on the fact that the
X-rays emitted from an ionized atom have energies that are
specific to the element involved in the analysis. X-ray inten-
sity is proportional to both the elemental concentration and
the strength of the ionizing source (Acharya et al. 2009).
Hence, for the qualitative and quantitative assessment of
uranium in the biomass, analysis can be very helpful. In
the present study, EDXRF analysis of the tested biomass
displayed clear, identifiable peaks of UL X-rays, i.e., UL
and ULﬁl, in a range of 13.5-17 keV, which corroborates
the report of Acharya et al. (2012). To assess the quantity of
uranium adsorbed, maximum intensities in terms of counts
per second (CPS) were evaluated and found to be highest
in the control biomass (600 cps), followed by the amine-
blocked biomass (475 cps) and then the carboxyl-blocked
biomass (275 cps) (Fig. 4a, b, ¢). Thus, the EDXRF peaks
support the assessment of the biosorption experiments and
further confirm the superiority of the control biomass to
the modified biomass for uranium sequestration. The high
metal-binding preference of carboxyl groups is also sup-
ported by the lower uranium peaks seen with EDXRF in the
carboxyl group-blocked biomass.

XRD

To elucidate the stability of uranium adsorbed to S. elonga-
tus BDU130911, the tested biomass was subjected to X-ray
diffraction analysis. The XRD profiles of the control and
modified biomass exposed to uranium exhibited charac-
teristic diffraction peaks at 260 7.6°, 7.3° and 6.3° for the
control, amine group-blocked, and carboxyl group-blocked
biomass, respectively (Fig. 5). The XRD pattern of control
biomass after uranium adsorption showed satisfactory corre-
lation with the pattern of known uranium acetate compounds
(JCPDS), with characteristic peaks at 20 7.66° and 7.36°.
The powder XRD pattern of uranium adsorbed to the control
biomass revealed the biomass to be amorphous in nature
with more characteristic crystallinity peaks. In contrast,
while both the carboxyl-blocked and amine-blocked biomass
also appeared amorphous, they showed poor crystallinity.
Further XRD studies revealed that the control biomass is
more stable based on its higher crystallinity, and there was
a change in texture of the biomass after uranium adsorption.
A similar pattern of phases for uranium-adsorbed biomass
was observed by Acharya and Apte 2013, and Sarada et al.
(2013), indicating a change in crystallinity after heavy metal
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Fig.4 EDXRF spectra of S. elongatus BDU130911 biomass with
adsorbed uranium expressed in CPS- counts per second a control bio-
mass, b amine group-blocked biomass, and ¢ carboxyl group-blocked
biomass. Peaks corresponding to UL X-rays are at 13.9 keV (ULa),
17.1keV (ULg), and 17.9 keV (ULg,)

adsorption. According to Kazy et al. (2009), crystalline
uranium formations indicate the possible complexation of
metals with cellular functional groups, namely carboxyls or
phosphates, facilitating metal nucleation or precipitation in
a crystalline state. The complexation of uranium with func-
tional groups was also substantiated by the FTIR results in
the present study.

Overall, the techniques applied in this adsorption analysis
clearly demonstrate that the adsorption of uranium by S.
elongatus BDU130911 is primarily due to ionic interactions
with carboxyl groups at the surface of the marine cyanobac-
terial biomass.
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Fig.5 Comparison overlay of XRD patterns of S. elongatus BDU130911 biomass after treatment with uranium: a control biomass, b amine-

blocked biomass, and ¢ carboxyl-blocked biomass

Conclusion

The present investigation addressed the surface interac-
tion of the unicellular marine cyanobacterium S. elongatus
BDU130911 with uranium. Surface adsorption of uranium
was identified to be a monolayer, and the dominant functional
groups involved were confirmed to be carboxyl groups. Thus,
the present study substantiates the surface ionic interaction of
marine cyanobacterial biomass with uranium radionuclides.
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