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ABSTRACT

Novel bubble-containing Ca2+ cross-linked alginate composite beads
encapsulating graphene oxides were synthesized via a simple reaction and
simultaneous coagulation process. This process used a suspension solution comprising
graphene oxide, calcium carbonate, and sodium alginate as the precursor solution
dripped into hydrochloric acid. Under identical conditions, beads prepared by this
method demonstrated better adsorption capability toward acridine orange than those
that were conventionally synthesized. The potential for low-cost mass production makes
this “green” adsorbent practical for environmental remediation applications.
1. INTRODUCTION
Graphene, consisting of a continuous hexagonal network of strongly linked sp2
carbon atoms, has been subjected to a flurry of research activities due to its remarkable
properties and its great potential across wide applications, particularly in electronics and
energy-related devices (Vickery 2009; Luo 2011). However, to date its promise in the
environmental arena has been limited due to high production costs as well as its
undesirable solubility.
Graphene oxide chemically derived using the “top-down” route from graphite is
now available for mass production. Furthermore, it inherits features from graphene (its
non-oxidized form) such as a large surface area and its excellent ability to be further
processed (Zhu 2010; Krishnan 2012). However, the structure of graphene oxide is
somewhat heavily broken/defected, and it is generally grafted with a large amount of
oxygen-containing functional groups on its surfaces or at the edges, such as carboxyl
and hydroxyl. Much of the research on graphene oxide has unveiled a promising future.
For example, (Nair 2012) demonstrated that a film comprising graphene oxide sheets
has the unique attribute of being permeable only to water. More recently, (El-Kady 2012)
presented a laser-reduced graphene oxide film (1738 S m-1 and 1520 m2 g-1) for the
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assembly of an electrochemical capacitor with ultrahigh performance. Graphene oxide
could also be incorporated into other polymers as a strengthening element to enhance
their composite mechanical strength, similar to the use of graphene (Vickery 2009; Qiu
2011; Zhou 2011; He 2012).
Hydrophilic functional groups enable graphene oxide to be easily available for
applications in the aquatic and biological environment. Much work has performed to
demonstrate its qualities. (Zhao 2011; Zhao 2011) focused on few-layered graphene
oxide structures and their superior sorptive capability for heavy metal ions, such as
Cd(II), Co(II), and Pb(II). This effect exhibits strong pH-dependence, interpreted by the
important role of oxygen-containing functional groups. (Gao 2012) showed the removal
of tetracycline antibiotics by graphene oxide from an aqueous solution at a theoretical
adsorption capacity of 313 mg/g, via pi–pi interaction and cation–pi bonding. (Sun 2012)
demonstrated the enhanced adsorptive capability of graphene oxide via an in-situ
reduction of acridine orange. Hybridized graphene oxide was also available. (Liu 2012)
applied graphene oxide decorated with nanoflower-like CuO in the photocatalytic
degradation of dyes. (Fan 2012) prepared a magnetic chitosan/graphene oxide
composite for the efficient adsorption of methylene blue. (Sun 2011) used one-pot
solvothermal synthesized magnetite/reduced graphene oxide to effectively treat
industrial wastewater and lake water.
Of note, with the increasing fear over graphene/graphene oxide’s effect on human
health (Schinwald 2011; Wang 2011), attention has been placed on the risk to the
environment due to its production and release. As a result, some restrictions are
necessary for regular environmental issues. Immobilization/encapsulation should be
optional choices for its safer use. Alginic acid, a heteropolysaccharide composed of
β-D-mannuronic acid and α-L-guluronic acid, is widely distributed in diverse seaweeds
and bacteria. It forms a stable gel cross-linked by various di/trivalent cations, such as
Ba2+, Ca2+, and Fe3+. Furthermore, it is characterized by biosafety and easy processing.
Therefore, the use of alginate as an immobilization/encapsulation material has been
extensively reported. For example, divalent calcium/trivalent ferric ion cross-linked
alginate gel entrapping active carbon powder indicates selective adsorption toward
differently charged model compounds (Lin 2005). Carbon nanotubes encapsulated in
barium cross-linked alginate beads has promising biocompatibility and has been applied
to the elimination of ionic dyes (Fugetsu 2004). Hydrophilic and flexible
alginate/polyurethane composite foams with improved strength can multiply their
regenerated use for highly selective binding to Pb2+ (Sone 2009).
Few reports have included the encapsulation/immobilization of graphene oxide in
an alginate matrix for use in environmental fields, with the exception of a fiber form
made of graphene oxide and alginate that has been noted for its strength enhancement
(He 2012). Here we report on various alginate beads made from a conventional and a
modified method, which generate bubble-containing beads by reacting with hydrochloric
acid. Graphene oxide was also incorporated. The beads were characterized and their
adsorptive capabilities toward acridine orange (AO), selected as a model dye compound
that is a cell-permeable hazardous substance, were also investigated.
2. EXPERIMENTAL SECTION

2.1. Materials and reagents
Expanded graphite (Commercial Number EC1000, average particle size 15 μm as
manufactured) was purchased from Ito Kokuen Co., Ltd, Mieken, Japan. Other
chemicals such as sodium alginate, calcium carbonate, and calcium chloride were
obtained from Wako Pure Chemical Industries, Ltd., or Sigma-Aldrich Inc., Japan,
unless specifically noted. Sodium alginate powder (500 ~ 600 mPa·s with a
concentration of 10 g L-1 at 293 K as marked) was dissolved into deionized water at a
mass fraction of 2% before use.
2.2. Preparation of graphene oxide from commercial expanded graphite
A modified Hummers-Offeman method (Hummers 1958) was applied for
chemically derived graphene oxide from commercial expanded graphite. In a typical
reaction, potassium permanganate (15 g) and expanded graphite (5 g) were fully stirred.
In a round-bottom flask (500 mL) in an ice-water bath, concentric sulfuric acid (98%, 100
mL) was added with continuous stirring until the mixture was uniform. Then the ice bath
was removed. The stirring continued until the formation of a foam-like paste at room
temperature (after about 30 min), when the volume spontaneously expanded.
Correspondingly, the stirrer was stopped. Next, deionized water (400 mL) was slowly
added and rapid mixing was used to prevent effervescing. Then the mixture was
transferred to a 363.5 °K water bath and kept for 1 hour until it became homogeneous
and dark yellow in color. The suspension was then filtered with repeated washing and
centrifugation (10000 rpm, 2 hours per cycle) to remove the remaining impurities. For
exfoliation, the resulting solution was further sonicated using a tabletop ultra-sonication
cleaner (100 W, 1 hour). The mass fraction of the as-obtained graphene oxide was
about 0.10%.
2.3. Conventional preparation of graphene oxide-encapsulating alginate bead
An approach has been reported previously by our group for preparing calcium
alginate composite beads using a CaCl2-hardening method (Fugetsu 2004; Fugetsu
2004). This approach was used here to prepare normal GO/Ca2+-alginate composite
beads that were designed with SA-GO-N beads. In brief, 50 g of graphene oxide was
mixed with 250 g of sodium alginate using a shaker to achieve homogeneity. The
self-made apparatus comprised a 500 ml container to store the raw mixture, and was
equipped with an airflow controller and an air pump. Under constant internal pressure,
the solution was continuously dripped through the nozzle into the hardening solution. By
this means, hundreds of grams of beads were prepared within several minutes. Pure
calcium alginate beads, denoted as Pure SA-N beads, were also prepared for
comparison.
2.4. Modified preparation of bubble-containing porous alginate beads
The conventional preparation was slightly modified. Briefly, calcium carbonate was
ground using a mill system for 48 hours to decrease the particle size. Then, a graphene
oxide solution of about 50 g and calcium carbon of about 2.5 g were fully mixed using a
mixer (Iwaki TM-251, Asahi Techno Glass Company). This was followed by the addition
of 250 g of sodium alginate and a subsequent 30 min mixing until homogeneous. With
this method, a large volume of homogeneous calcium carbonate / graphene oxide /

sodium alginate mixture was readily prepared. Next, using the above apparatus,
bubble-containing alginate beads were formed. The mixture was pushed through the
nozzle and dropped into a magnetically stirred hydrochloric acid solution (mass fraction
5%). With a simultaneous reaction between the calcium carbonate and hydrochloric acid,
transparent bubbles formed and were caged in the beads, whereby the beads could
float at the top of the water. The obtained beads were denoted as SA-GO-M beads. The
as-prepared beads were thoroughly rinsed several times using a 100 μm mesh sieve.
Bubble-containing alginate beads without GO were also prepared, denoted as Pure
SA-M beads. All beads were kept in an icebox for use.
2.5. Adsorption
The bead weight was derived by calculating the mean value of 60 beads that were
dried in a 353 °K oven for over 5 hours, and also by freeze drying.
AO was employed to prepare a stock solution (1 g L-1). The time-dependent
adsorptions were performed at room temperature (293 ± 2 °K) in polyethylene test tubes,
to which the beads (20 beads in number) and AO at various concentrations were added.
Each adsorption set was performed in triplicate. After the suspensions were shaken at
300 rpm for about 3 hours, the beads were removed using a stainless spoon. The
residual concentration was determined using a UV-Vis spectrometer (JASCO V-570
spectrophotometer) by measuring the characteristic absorbance. The value was the
average of five repeated determinations.
Concentration-dependent experiments were also performed at room temperature
(293 ± 2 °K) with different initial AO concentrations. Acridine orange was multiply diluted
10, 20, 50, 80, and 100 times, and marked as X10, X20, X50, X80, and X100,
respectively. Both the initial and equilibrium concentrations were recorded for further
analysis. Each concentration set was performed in triplicate.
The concentrations initially, at each pre-set interval, and at equilibrium were
respectively denoted as
(g L-1),
(g L-1), and
(g L-1). The adsorption capacity
( , g g-1) was calculated by the equation
where
(mL) is the volume of the suspension, and
(g) is the dry weight of the adsorbent used in the system.
The saturated capacity ( ) of the beads was obtained when the adsorption was at
the equilibrium

.

2.6. Characterizations
The GO samples were characterized using multiple methods. Atomic force
microscopy used an Agilent series 5500 AFM instrument in tapping mode at a scanning
rate of 0.5 Hz. Raman spectroscopy (Raman) used an inVia Raman microscope
(Renishaw) with an excitation wavelength at 532 nm. Fourier transform infrared
spectroscopy (FTIR, FT/IR-6100 FT-IR Spectrometer, JASCO) was used in an
attenuated total reflection mode (ATR). Scanning electro-microscopy (SEM, JSM-6300,
JOEL) and X-ray photoelectron spectroscopy (XPS, JPC-9010MC, JOEL) were used,

the latter with Mg Kα radiation at 1486.6 eV with a vacuum better than 1 × 10−7 Torr.
X-ray diffraction patterns (RINT2000, Rigaku Denki Co. Ltd., Japan) used Cu Kα
radiation (λ=1.5406 nm) at 40 kV and 20 mA recorded in the range of 2θ = 10~90˚ at
steps of 0.02. Finally, a thermo-gravity analysis (TGA, TG/DTA 6200, SII Exstar6000)
was performed using a sample mass around 3 mg, in aluminum holders at a heating
rate of 5 K/min, under a N2 atmosphere with a flow rate of 90 mL min-1.
3. RESULTS AND DISCUSSION
3.1. Graphene oxide sheets

Fig.1. (Left) A photo of the as-prepared graphene oxide solution with a mass fraction
around 0.1%. (Right) A typical AFM image of GO sheets. The samples were prepared
by dripping and drying them on freshly exfoliated mica at room temperature in air. The
inset profiles indicate the thickness of the graphene sheets against the mica. As seen,
the GO sheets are around 1 nm thick.

Fig. 2. XPS spectra of parent expanded graphite and chemically-derived graphene
oxide.

Fig. 3. XRD patterns of expanded graphite powder and graphene oxide film dried in air.
The obvious peak shift from 26.4˚ to 11.6˚ indicated a larger layer distance (from 0.34
nm to 0.76 nm), therefore implying that a structural transformation occurred during the
preparation.
A bulk graphene oxide solution containing fully exfoliated single graphene oxide
sheets (Fig. 1) could be repeatably and stably produced via the modified Hummer’s
method presented in the Experimental Section. Due to the mild processing, the
graphene oxide sheets were up to several micrometers large. As a result of the amount
of oxygen-containing functionalities implanted during preparation, the graphene sheets
thickened to about 1 nm vs. 0.35 nm for graphene.
XPS C1s spectra, providing some of the most convincing evidence, were
determined as shown in Fig. 2. The overall C/O ratios decreased from 4.7 to 2.5, which
indicated that more oxygen atoms were introduced to the graphene system. For both the
expanded graphite (abbreviated as EG) and graphene oxide (abbreviated as GO), the
peak of the graphitic portion (CH/CC) presented at around 284.4 eV, and the
oxygenized forms C-O, C=O, and COO presented at around 286.2 eV, 288.3 eV, and
291 eV, respectively. The oxygen-containing functionalities were prominent, as clearly
observed, since the mole portion of CH/CC decreased from 49.8% to 9.4%; furthermore,
the considerable oxidization was regarded from its wider graphitic peak (Mhamane
2011).
The XRD patterns (Fig. 3) also presented the structural changes by observing the
characteristic diffraction peaks corresponding to their crystal d-spacings. As a result, the
expanded graphite with a well-defined crystal layered structure showed a single sharp
peak at 26.4˚, corresponding to the d-spacing around 0.34 nm; however, the GO
samples exhibited a large shift toward a lower angle (around 11.6˚, with the d-spacing
around 0.76 nm) due to oxidation and full expansion. Of note, although the expanded
graphite was commercially obtained, these characterizations showed that oxidization
probably only occurred at the crystal particle surfaces without further intercalation and
oxidation, as implied by the relatively uniform d-spacing as graphite and the lowered
carbon-to-oxygen ratio. Therefore, the preparation succeeded due to the proposed size
effect of graphite crystal, in which the graphite crystal boundaries play an important role
in the structure of subsequent graphene oxide (Botas 2012).

3.2. Alginate beads fabrication
The schematic of the preparation is depicted in Fig. 4. The apparatus mainly
consisted of three parts, a constant pressure supplement system, a generator, and a
reaction reservoir. Constant pressure inside the generator squeezed the raw mixture out
through the pipe, and then droplets fell into the reaction reservoir. The conventional
method applied the excess volume of the CaCl2 solution (1 M). Differently for the novel
beads, hydrochloric acid (5%, w/w) replaced CaCl2 in the reservoir.

Fig. 4. Schematic for preparing the conventional alginate beads (left) and the
bubble-containing alginate beads (right). Under constant inner pressure conditions, raw
solutions were separated drop-wise into the reservoir and beads were subsequently
formed.

Fig. 5. Particle size distributions of calcium carbonate suspended in water, as
determined using a dynamic light scattering particle size analyzer (Horiba LB550,
Japan).
Graphene oxide and sodium alginate were mixed until homogeneous due to the
rich oxygen-containing functionalities inducing the hydrophilic affinity and the existence
of their electrostatic repulsions. The beads from the raw solution comprising these two
ingredients were readily prepared by the two methods described above. However, the
calcium carbonate additive needed to be considered. For the bubble-containing beads,
the reaction between calcium carbonate and hydrochloric acid played an important role
in the release of divalent calcium ions and the bubble-generating gas, carbon dioxide.
That is, the dispersive homogeneity of calcium carbonate inside the solution was vital for
the subsequent steps.

However, calcium carbonate is water insoluble. In order to improve its dispersion
in water, the calcium carbonate was milled prior to its use. The resulting finer particle
sizes were more favorable for fast dispersion (Hu 2012). Milling reduced the mean
particle size (size > 3 μm: nearly 100%, before milling; less than 25%, after milling, see
Fig. 5). Sodium alginate has been reported to assist in the dispersion of water-insoluble
materials, i.e., MCNTs (Fugetsu 2008). This was conducted for the calcium carbonate.
In fact, the calcium carbonate was uneasily dispersed in the sodium alginate (2.5%,
w/w), similar to the case of water, as precipitation was observed even though the
process involved mechanical stirring and extra ultra-sonication. Furthermore, the
process was rather time consuming and therefore it is undesirable for facilitating a large
production. In contrast, graphene oxide has also been reported to be capable of
dispersing insoluble materials, i.e., graphite and carbon nanotubes as a molecular
dispersing agent (Kim 2010). Once the graphene oxide was mixed with calcium
carbonate, followed by a mild shaking using a vortex, a homogeneous GO/calcium
carbonate suspension was obtained. Of most importance, it was shown to be
satisfactory for scalable production.

Fig. 6. Optical images of the beads for different additive amounts of CaCO3. (Left) The
beads were prepared from the raw solution containing SA (50 g), GO (10 g), and CaCO3
(0.1 g). (Right) The equivalent solution contains 0.5 g of CaCO3. Of note, to better
consider the effect of the additive amount, a lower inner pressure was applied.

Fig. 7. Beads from the raw solution with different GO sol. /SA sol. ratios (w/w) prepared
with the modified process. The mass ratios of the GO solution and SA solution list as: A)

0/6, B) 1/5, C) 3/3, and D) 5/1. As seen, the higher the graphene oxide content the lower
the bead sphericity.

Fig. 8. A) Photographic images of fresh Pure SA-M, Pure SA-M, SA-GO-N, and
SA-GO-M beads. The insets show clear optical images of conventional and modified
GO-encapsulating beads. B) Average dry weight of the beads dewatered in a 353 °K
oven for over 5 hours. The values were calculated based on the weights of over 60
beads.

Fig. 9. Microscopic images of alginate beads produced with the conventional process
(left) and the modified process (right). The red arrow points to large bubbles of
entrapped CO2, which were generated by calcium carbonate reacting with hydrochloric
acid. Additionally, fluffy structures were observed in both modified beads on the right
side. In contrast, the conventional beads displayed nearly complete sphericity.
Varying loadings of calcium carbonate and graphene oxide were respectively
tested for making the bubble-containing beads. As shown in Fig. 6, the mixture (with
mass ratios of SA sol., GO sol., and calcium carbonate at 20:100:1) could prepare the
beads with improved sphericity. The release of efficient calcium ions played a vital role
as suggested. (Poncelet 2001) suggested that the lack of sphericity was due to
incomplete coalescence during gelation.
Comparing the beads in Fig. 7, it was seen that the more that graphene oxide was
involved, the more difficult it was to form a spherical shape. Thus, it was decided that the
beads should be prepared with a mass ratio of GO sol. to SA sol. around 1:5, as in Fig.

7B. Under identical conditions, batches of beads were subsequently prepared on the
scale of hundreds of grams within minutes (Fig. 8). As seen, the conventional beads
(Pure SA-N and SA-GO-N) precipitated in the containers. On the contrary, the modified
method rendered the light density beads (Pure SA-M and SA-GO-M) by trapping many
bubbles, that is, they formed macro pores inside (insets of Figs. 8A and 9).

Fig. 10. Photos of the freeze-dried beads. (Above) The beads were prepared with the
conventional Ca2+ cross-linked method; (Below) the beads were prepared with the
modified method. An obvious difference discriminates the beads depending on the
method. With the conventional process, the beads were small and dense, and with the
modified process, the beads were large and lightweight. The scale bar represents a
length of 5 mm.
Figs. 10 and 11 show the morphologies and structures of the freeze-dried beads
obtained using an optical camera and SEM, respectively. The Pure SA-N beads were
somewhat shrunken in size, and their structures were more compact. To be exact, the
Pure SA-N beads were actually constructed by thick alginate “cell walls” of about 20 μm.
As a result, they had decreased flexibility and were very fragile. In contrast, much
thinner crisscrossed “cell walls” led to more flexible beads with a larger internal surface
area (Pure SA-M and SA-GO-M). Their porous structures were mainly considered to be
the result of the release and excessive build-up of CO2. Interestingly, this similarity also
appeared on SA-GO-N to some extent, which suggested that the addition of graphene
oxide might have promoted the formation of a porous structure or changed the porous
structures (Zhang 2011).
The beads were both dried in a 353 °K oven and freeze-dried to determine their
weights. The statistic results of the weights were very uniform both ways. From Fig. 8B,
the individual Pure SA-N beads had obviously higher weight than the others. Of note,
the beads containing GO were lighter than those without GO.
FTIR and TG were applied to characterize the compositions related to the
preparations. Previously calcium complexes, such as calcium citrate and calcium
carbonate (Poncelet 1992; Poncelet 1995), were used as calcium vectors to release
calcium ions for the production of alginate beads. In this process, mild acidification using,
for example, glacial acetic acid, was adopted without generating much carbon dioxide
and ionized calcium in a burst. Instead, the highly concentrated hydrochloric acid altered
the process. On one hand, the explosive-like reaction between calcium carbonate and

hydrochloric acid ensured the internal pore formation subject to the fast releasing of
carbon dioxide, and on the other hand, it also ensured the simultaneous release of
calcium ions for the instant cross-linking of alginate. As a matter of fact, beads by this
means had been well prepared.

Fig.11. Typical SEM images of the freeze-dried beads at magnifications of ×50 and
×1000. A and A’: Pure SA-N; B and B’: Cross sectional Pure SA-M; C and C’: Cracked
SA-GO-N; D and D’: Cracked SA-GO-M. Pure SA-N has the smallest volume because
of the shrinkage induced by freeze-drying. As a whole, the beads were regarded to be
constructed by so-called inner “cell walls.” They were thin and flexible in the modified
beads, while the cell walls of the conventional beads were thick (~20 μm) and fragile.
Note: the red arrow points to typical honeycomb-like crisscrossed “inner walls” inside the
beads.
However, as outlined from the spectra, an obvious difference exists. For the
conventional beads, the peaks around 1415 cm-1 and 1595 cm-1 commonly indicated the
symmetric and asymmetric stretching vibrations of carboxylate, respectively
(Papageorgiou 2010), that were involved in some of the metal-alginate interactions. An
unforeseen shifted peak for the beads by the modified method occurred around 1728
cm-1, which represented the typical vibration mode of carbonyl stretching as with
alginate acid (Papageorgiou 2010). This is shown with the Pure SA-M and SA-GO-M in
Fig. 12. That is, the beads by the modified method were actually alginate acid beads.

Thus, the role of the released calcium ions was in great doubt during the alginate
gelation. To determine this, control samples were prepared using the same modified
method by increasing the additive amount of calcium carbonate at a proportion of 1:5:1.
Of these samples, one was gelated in HCl (5%, w/w) for around one hour (denoted as
SA-GO-M’), and the other with a 5 min gelation (denoted as SA-GO-M’’). Both the beads
were dewatered at 353 °K overnight. Additionally, the same SA-GO-M beads gelated for
only 2 minutes was also compared (not shown). Sodium alginate is known to be water
soluble. It is reasonable to infer that those short-time gelated beads were calcium
alginate, due to their having the same characteristic peaks as Pure SA-N beads. Under
high acidic conditions involving an amount of hydrogen ions, a spontaneous ion
exchange occurred to replace the calcium ions, through which the calcium alginate was
subsequently transformed into alginic acid. This was the exact process for the short-time
gelated SA-GO-M beads. Besides, as previously reported (He 2012), the adsorption
peak around 2931 cm-1 was assigned to C-H asymmetric stretching vibration. It was
much weaker for the SA-GO-M’’ than for the SA-GO-M’ and Na-alg, which again proved
the calcium cross-linking.

Fig. 12. FTIR spectra of alginate beads (SA-GO-M, SA-GO-N, Pure SA-N, and Pure
SA-m), sodium alginate film (denoted as Na-alg), and other alginate beads for control
(denoted as SA-GO-M' and SA-GO-M’’), in order to reveal the bead preparation. As a
comparison, calcium carbonate displays characteristic peaks at 1414 cm-1 and 873 cm-1,
corresponding to CO32- groups.
Combined with another fact in Fig. 6, it could be imagined that without the calcium
ions crosslinking the alginate, the beads would over expand resulting in a decrease in
strength, although with a larger surface area. Furthermore, if we applied water soluble
carbon complexes, using sodium carbonate as an example, then the graphene oxide
sheets would be easily folded/aggregated in an aqueous environment.
Of note, the calcium ions, once they crosslinked the alginate beads, were then
followed by an ion exchange with hydrogen ions. Consequently they lost strength but
their adsorption performance improved. As an example, the conversion of calcium
alginate fabrics into alginic acid fabrics supported the adsorption capacity by a
hydrochloric acid treatment (Qin 2006). Even earlier, alginic acid “particles” had been

used for collecting rare earth metal from aqueous environments, subject to the intrinsic
ion exchange reaction (Konishi 1992).
GO was soluble in the sodium alginate solution. After GO was added to the
alginate beads, the IR spectrum showed broadened peaks around 3398 cm-1. This
suggested that GO interacted with the alginate through intermolecular hydrogen bonds
(He 2012).

Fig. 13. Thermogravimetric (TG) spectra of the beads with a heating rate at 5 degree
K/min under a N2 atmosphere at a flow rate at 90ml/min.
To further observe the influence of GO and the as-adopted methods on the
preparation of the beads, TG analyses were also performed under a N2 atmosphere. GO
is not a thermally stable substance due to the unstable functionalities decorated on both
sides of the sheet. Subsequently, GO rendered such beads less thermal stable as
indicated from their reduced residuals after annealing (Fig. 13). In conventional beads,
the addition of GO weakened the bead stability; this was also seen for the modified
beads with the GO addition. But the degrees of variance with and without GO were
clearly different, as there was no serious discrimination on the modified beads, and the
variation originated in the structural differences as shown above (Figs. 9-12).
3.3 Adsorption
The convenient production and disposal of this renewable bio-resource means the
beads can potentially be used in water treatment applications. In the past, many
investigations have reported on the uptake/separation of alginate-based beads toward
various metal ions retained in water (Kuhn 1989; Sartori 1997; Tam 1998; Park 2004;
Papageorgiou 2006) as well toward some dyes (Rocher 2008; Ai 2011). In the present
work, the as-prepared beads were used in an attempt to remove acridine orange with a
pH of around 4.6 at room temperature. Fig. 14 displays these beads after adsorption
equilibrium and in isolation from the aqueous solution. As clearly seen, the beads were
thoroughly dyed, which indicated their considerable favorability toward such a dye with
the exception of Pure SA-N.

Fig. 14. Photos of the beads at adsorption equilibrium for acridine orange with initial
concentrations at 0.1 g L-1. A: Pure SA-N beads, B: SA-GO-N beads, C: Pure SA-M
beads, D: SA-GO-M beads.
Fig. 15 shows the influence of the contact time in terms of both the residual
acridine orange and the corresponding adsorptive amount of beads. Twenty beads were
collected and put in a 25 mL tube which contained 20 mL of 20 mg L-1 AO solution. The
solution was subsequently subjected to shaking at 300 rpm until the concentration
became stable. As seen, all the sorptions gradually reached saturation within 3 hours.
The conventional beads with graphene oxide (SA-GO-N) were enhanced largely by
adsorbing/removing dye, with the residual observed from nearly 65% for Pure SA-N to
16.1%. Meanwhile, the beads from the modified method performed well with a residual
around 7%. With the net mass varying for the beads, the SA-GO-M beads had the
highest specific capacitances, around 37.3 mg g-1. The values for the Pure SA-M beads
were slightly lower, around 36.4 mg/g. Even the SA-GO-N beads could reach a value as
high as 28 mg g-1, which was far better than the Pure SA-N beads at specific
capacitances around 6 mg g-1. In addition, the average adsorption rates were obtained
using the concentration changes. SA-GO-M and Pure SA-M had the highest rates,
about 0.192 and 0.187 mg (g·min)-1, respectively. For Pure SA-N, the rate decreased to
around 0.03 mg (g·min) -1. These simple results suggested that improved performances
were gained in the GO and/or the modified preparation.
To study the kinetics of the sorptions, the pseudo-first-order and
pseudo-second-order rate models were introduced. The suitability was determined by
introducing the correlation coefficient (R2) for the models. The closer the value R2 to 1,
the more applicable was the model. The characteristic constants were also determined
and their fitting results compared.
The pseudo-first-order rate equation of Lagergren is as follows (Ho 1999; Qiu
2009):

Fig. 15. Time-dependent adsorptive performances of beads toward acridine orange with
an initial concentration of 0.02 g L-1. Each sample contained twenty beads for the batch
adsorptions. The adsorption occurred for three hours to achieve equilibrium. The
residual concentration/ adsorption capacity vs. time were plotted as shown.

Fig. 16. Modeling of the adsorption kinetics : (A) pseudo-first-order rate model, and (B)
pseudo-second-order rate model were used to simulate the adsorption dynamics.
Table 1. Kinetic parameters obtained from the pseudo-first-order rate equation and the
pseudo-second-order rate equation.
Parameters

Pure SA-N

Pure-SA-M

SA-GO-N

SA-GO-M

K1 (/min)

0.0204

0.0323

0.0235

0.0382

0.9922

0.9656

0.9970

0.9401

0.0044

0.0031

0.0010

0.0078

0.9999

0.9999

0.9993

0.9999

2
h=kadqe (mg/(g·min)

0.20

4.53

1.10

11.29

qe (mg/g)

6.8

38.0

32.5

38.0

R
Kad

2

g/(mg·min)
R

2

Integrating this for the boundary conditions t = 0 to t = t and qt = 0 to qt = qe, Eq. (2)
can be rearranged and linearized to Eq. (3) as follows:

where
and
represent the adsorption capacities at equilibrium and as time sampled
at every interval for the beads (g g-1), respectively; and
is the rate constant of the pseudo-first-order adsorption (min-1).
For the pseudo-second-order rate model, which assumes a sorption capacity
proportional to the number of active sites occupied on the adsorbent (Ho 1999), the
equation is given in differential form as:

Applying the same boundary conditions, Eq. (4) is then converted as follows:

where
,
represent the adsorption capacities at equilibrium and as time sampled at
every interval (mg g-1), respectively;
is the rate constant of adsorption for the pseudo-second-order model (g
-1
(mg·min) ); and
is the initial adsorption rate (mg (g·min) -1).
Fig. 16 shows the fitting results for all beads. As seen, the linearity for the
pseudo-second-rate model was improved. The fitting parameters obtained are
summarized in Table 1. With the coefficients reaching as high as 0.9999, the
pseudo-second-order rate model again demonstrated its excellence over the
adsorptions. The adsorption capacities ( ) were also estimated and were very
consistent with experimental values. The initial adsorption rates (
) were also given.
-1
SA-GO-M had the highest rate at 11.3 mg (g·min) , while Pure SA-N had only 0.2 mg
(g·min) -1, much lower than SA-GO-N at 1.1 mg (g·min) -1. In contrast, with lower
correlation coefficients, the pseudo-first-order rate model was less suitable for
describing the kinetic process.
3.4 Adsorption isotherms
The concentration-dependent performances were observed by varying the initial
loadings of acridine orange under room temperature (293 ± 2 °K). Twenty beads were
mixed in a 25 mL tube with a 20 mL AO solution of different concentrations. The solution
was subsequently shaken at 300 rpm for three hours until equilibrium. The saturated
capacities vs. equilibrium concentrations for the beads are plotted in Fig. 17. As the
initial concentrations increased, the saturated concentration correspondingly increased
along with the increase in the capacities of the beads. The processes were also
described by two typical models using Langmuir and Freundlich isotherms.

Fig. 17. Adsorption isotherms and their simulations using the Langmuir and Freundlich
linearized models.
Table 2. Parameters with respect to the Langmuir and Freundlich equations.
Pure SA-N

Pure-SA-M

SA-GO-N

SA-GO-M

0.9414

0.9188

0.9887

0.9332

Intercept

-19.7224

-11.5565

-2.67531

-14.9889

Slope

1.62738

0.06398

0.11629

0.08248

Freundlich

Pure SA-N

Pure-SA-M

SA-GO-N

SA-GO-M

0.9102

0.9602

0.994

0.9675

Intercept

1.5221

1.2774

1.1719

1.4417

Slope

2.291

4.9761

3.2945

0.9675

Langmuir
R

R

2

2

The linearized forms of Langmuir and Freundlich equations are presented:

where
is the adsorption capacity at equilibrium (mg g-1),

is the equilibrium concentration (mg L-1),
is the theoretical monolayer maximum capacity of adsorbent (mg g-1),
is the Langmuir adsorption constant related to the energy of adsorption (L
mg-1),
is the Freundlich adsorption constant related to the energy of adsorption (L mg
-1

), and
is the dimensionless heterogeneity factor.

The fitting results are shown in the Figs. 17B-C, and the detailed fitting parameters
are summarized in Table 2. Both the Langmuir and Freundlich models had high
correlation coefficients toward the adsorption isotherms (R2 over at least 0.9). More
exactly, the Freundlich model worked better than the Langmuir model except for Pure
SA-N. However, the calculated intercept values were all negative so the Langmuir
model was invalid. In other words, the AO interacting with the beads did not follow a
monolayer adsorptive behavior.
3.5 On adsorption mechanism
The sorption of AO onto various alginate beads had been studied in terms of their
kinetics and the isotherms based on their time and concentration dependencies. (Sun
2012) reported that acridine orange has been effectively attracted by graphene oxide
through the formation of hydrogen bonding although; and it is also believed to work in
the case of encapsulated graphene oxide.

Fig. 18. pH changes before and after adsorptions. Before adsorption (denoted as the
red dotted line), the pH value was around 4.6. After adsorption, the pH suffered shocks
from the ion release as a result of ion exchange.
However, the mass ratio of graphene oxide to alginate was about 1:100. Thus,
alginate accounted for a large portion; in other words, it dominated the adsorption
behavior, although GO addition had to some extent improved the adsorptive capability
of SA-GO-N over Pure SA-N. A further enhancement was conducted that included the

participation of hydrochloric acid. The beads were even more porous so that the
adsorption capacity subsequently increased to a large extent.

Fig. 19. (A) The initial moment of dye-absorbing alginate beads (SA-GO-M and
SA-GO-N) in CaCl2 solution (0.5 M) and DI water at room temperature. Dye desorption
occurred instantly as the beads contacted the CaCl2 solution, even after standing for
several hours. In contrast, no change was observed for the beads in water. (B) After 24
hours, the CaCl2 solution was refreshed. All samples were shaken at speeds of ~ 200
rpm for 72 hours. Consequently, all of the solutions changed color. The beads in the
CaCl2 solution further released the dye, as seen by the bead color recovering to dark.
However, the beads in water displayed no obvious dye leakage. The slightly yellowish
color of the solution was due to the partial recovery of physically sorbed dye from the
beads.
The pseudo-second-rate model nicely reproduced the time-dependent adsorption,
while the Freundlich isotherm described well the influence in terms of the AO loading. As
inferred from the model assumptions (Ho 1999; Ho 2006), (1) their capacities were
proportionally related to the available active sites exposed to AO, and (2) chemisorption
was likely to be the main mechanism. Ion exchange was commonly considered to be the
reason for alginate to undergo absorption. This was also found and verified by the pH
changing before and after adsorptions as shown in Fig. 18. For the conventional beads,
the main sorptive sites were the Ca2+ ions. They released into the solution after ion
exchange, and subsequently the pH values were induced to increase. As for the
modified beads, the main sites preferred the H+ ions as mentioned above. As a result, a
more acidic solution was produced with lower pH values. Both of their exchanges were
simplified as follows:

To further ascertain this mechanism, fully dyed beads with a deep red color were
re-immersed in a CaCl2 solution (0.5 M) and were kept standing. Interestingly and
instantly, the original colorless solution changed as seen in Fig. 19A. For seconds, the
color turned bright yellow, just like the earlier dye solution. In contrast, even after 24
hours the control groups in deionized water showed no change. Afterward, the solutions
inside were renewed with a fresh CaCl2 solution and DI water, then the samples were

shaken at about 200 rpm for 72 hours. As shown in Fig. 19B, further desorption
occurred with the CaCl2 treated groups since the color again turned bright yellow.
Correspondingly, the color of the beads was restored. A yellowish color came out for the
control, which was attributed to the dissolution of the physically sorbed dyes, such as
through electrostatic attraction. This evidence clearly demonstrates that an ion
exchange was mainly responsible for the adsorption.
CONCLUSIONS
Alginate-based beads were prepared by both conventional and modified
processes, and graphene oxide was well encapsulated inside the beads. With the
modified method and the encapsulated GO, the beads had more visible pore structures
entrapping the bubbles. Considerable increases were consequently observed in the
adsorption capacities, the average adsorption rates, and the initial adsorption rates.
From the adsorption kinetics and adsorption isotherms, and further considering the
experimental proofs, it was believed that ion exchange under structural changes
induced by preparation and GO addition played the key role in further enhancement.
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