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(Cymbopogon citratus) membrane with
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Dye wastewater has attracted much attention due to its severe environmental and health problems. The

main challenge of separating dyes from wastewater, using adsorption, is developing a functional

adsorbent that is cost-effective and sustainable. In this work, we have fabricated a novel low-cost

membrane with antibacterial properties from naturally sustainable lemongrass (LG). Lemongrass was cut

and milled into powder, then dissolved to prepare a lemongrass membrane. Graphene oxide (GO) was

also included to prepare a LG/GO composite membrane. The physiochemical and antibacterial

properties of membranes were evaluated and their dye adsorption capability was examined using

methylene blue (MB) dye at different concentrations. The kinetic study revealed that the MB adsorption

process complied with the pseudo second-order model. The lemongrass membrane showed a rough

surface morphology, high reduced modulus and hardness, yet comparable dye adsorption to the LG/GO

composite membrane. Considering the natural sustainability of lemongrass as an abundant cellulosic

resource, its excellent dye adsorption, antibacterial properties and low cost as well as the facile

fabrication technology, the lemongrass membrane could be a promising candidate for dye removal from

wastewater with easy separation after use.
Introduction

With the fast development of industrialization, water resources
have been seriously contaminated. In the textile industrial
sector alone, approximately 200 000 tons of dye are discharged
in effluent each year, which is attributed to the low efficiency of
the dyeing process.1 A large quantity of water has been used by
the textile industry during the dyeing and nishing process.
Due to the substantial amount of wastewater and the compli-
cated composition, the effluent from textile plants has been
regarded as the greatest source of water pollution.2 Hence, the
dye removal and reusability of the dyed water has attracted
much attention.

Due to the large quantity, high toxicity and complex
composition, dye wastewater induces not only environmental
pollution but also health hazards.3 Currently, different methods
such as chemical coagulation, electrolysis, oxidation and
adsorption have been used to treat wastewater.4–6 However,
most of these techniques are limited by their high cost, low
adsorption capacity or secondary environmental pollution due
to the large quantity of wastewater. The adsorption treatment
has been widely used for dye-waste removal because of its
simplicity, high efficiency and multifunction.7,8 However, it is
terials, Geelong, Victoria 3216, Australia.

85
still challenging to fabricate a cost-effective environmentally
friendly and sustainable adsorbent for dye removal. In addition
to the dyes, microorganisms in polluted water can cause
biofouling and degradation of metal surfaces which inuence
industry applications.9 Therefore, it would be benecial to have
dye adsorbent with an antibacterial property.

Although graphene oxide (GO) with a large surface area has
demonstrated a high dye adsorption capability and antibacte-
rial property,10,11 the high cost, 2D structure and difficulty of
separation aer adsorption limit the application of GO in dye
adsorption. To solve these problems GO and natural materials
have been made into nanocomposites, which have shown
a promising application in dye removal.12,13 Natural materials as
adsorbent14–16 have attracted more attention because of their
low cost, non-toxicity, biodegradability and sustainability.

Lemongrass (LG) is lignocellulose biomass containing
around 40% cellulose and approximately 23% hemicellulose.17

Lemongrass, with good biological properties such as antimi-
crobial, anti-fungal, anti-inammatory, antioxidant, etc., has
been widely used in therapies, cosmetics, food preservation and
agriculture.17,18 Due to the good adsorbent characteristics of
cellulosic materials,15,16 lemongrass can be a promising candi-
date for dye adsorption. Additionally the good antibacterial and
antifungal properties of lemongrass may further enhance its
application in dye adsorption. Previous studies have demon-
strated various forms of lemongrass such as powder, ash and
This journal is © The Royal Society of Chemistry 2019
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Table 1 The distribution of snippets and spray dry powder of
lemongrass

Sample name d (0.1) (mm) d (0.5) (mm) d (0.9) (mm)

Lemongrass snippets 133.57 544.34 1009.65
Lemongrass spray dry
powder

4.20 7.63 17.87
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extracted oil residual can absorb different metal ions and dye
from the aqueous solutions.17,19,20 Only one paper regarding
lemongrass dye adsorption has reported that the lemongrass
ash is an efficient adsorbent for the adsorption of methylene
blue from wastewater.20 However, there is a difficulty of sepa-
rating ash from the water aer dye adsorption. In this study,
lemongrass was fabricated into membranes as dye absorbent to
study their dye adsorption properties and resolve the separation
problem of lemongrass powder or ash.

To the best of our knowledge, there are very few, if any,
reports on fabrication of membrane from lemongrass. There-
fore, the objective of this study has been to understand the
physiochemical and antibacterial properties as well as adsorp-
tion kinetics of membranes fabricated from lemongrass. In
order to achieve this, we have: (a) fabricated lemongrass
membrane and LG/GO composite membrane where separation
of membrane from solution is much easier than powder or ash
absorbents; and (b) examined the impact of membrane struc-
ture on dye adsorption capability of the composite membranes
using methylene blue with the aim of rationalising the rela-
tionship between the morphology, surface, dye adsorption and
mechanical properties. Antibacterial properties of the
membranes were also studied to investigate if the fabrication
process would retain the natural properties of lemongrass. The
nding may assist the fabrication of cost-effective dye adsor-
bent membrane from natural lemongrass with antibacterial
properties.
Results and discussion
Particle size measurement

The particle size distribution of lemongrass snippets (LGSNP)
and spray dried powder (LGSDP) are shown in Fig. 1. Table 1
demonstrates the particle size of d (0.1), d (0.5) and d (0.9) at
snippets phase and powder phase. While the snippets were
converted into spray-dried powder, the particle size distribution
changed signicantly. The particle size of d (0.5) of LGSNP
decreased from 544.34 mm to 7.63 mm while converted into
LGSDP. A similar reduction in the particle size was found in
case of d (0.1) and d (0.9) during the formation of LGSDP from
Fig. 1 Volume-based particle size distribution of lemongrass snippets
(LGSNP) and spray dried powder (LGSDP).

This journal is © The Royal Society of Chemistry 2019
LGSNP. This depletion of particle size might be due to the
intermediate attritor milling process which has been performed
before the conversion of LGSNP to LGSDP.21 The attritor mill
vessel contains impellers and ceramic balls which rotate at
280 rpm during milling. Hence, the breakdown of the particle
size is attributed to the impellers and ceramic balls. It has
already been reported that the lower the particle size, the easier
the dissolution process.22 Therefore, in this work, to accelerate
the dissolution process and to fabricate a uniform membrane
the lemongrass spray-dried powder (LGSDP) were selected.
Morphology and structure of the membrane

The surface and cross-section morphology of the prepared
membranes are shown in Fig. 2. Cross sections are presented on
top right side of images. The LGES membrane showed a rela-
tively smooth surface with many holes on the surface which
could be formed due to the local contract of the membrane
during the drying time of membrane fabrication. The cross-
section image (Fig. 2a) showed a compressed and smooth
structure. Fig. 2b shows both rough surface and cross-section
morphology of the LGDM membrane, where the small parti-
cles induced the roughness due to the controlled dissolution of
LG. GO was dispersed uniformly in the membrane as shown in
Fig. 2c and d. The cross-section image (Fig. 2a) showed
a compressed and smooth structure. Fig. 2b shows both rough
surface and cross-section morphology of the LGDMmembrane,
where the small particles induced the roughness due to the
Fig. 2 Surface morphology and cross-section images (inset) of
lemongrass membranes. (a) LGES (lemongrass extracted solution); (b)
LGDM (lemongrass dissolved mixture); (c) LGES/GO (LGES mixed with
graphene oxide); (d) LGDM/GO (LGDM mixed with graphene oxide).
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controlled dissolution of LG. GO was dispersed uniformly in the
membrane as shown in Fig. 2c and d. The surface of LGES/GO
and LGDM/GO membranes (Fig. 2c and d) were rougher
compared to their pure corresponding LGES and LGDM
membrane without GO. However, LGES/GO showed a smoother
surface than that of LGDM. While cross-section images of both
LGES/GO and LGDM/GO membranes showed layered structure,
some cracks were also observed, which could be attributed to
the arrangement of GO layer in the formation of membrane.
The results were found to agree with the previous studies, where
layered structure in cellulose/graphene nanocomposite paper23

and cellulose/graphene/graphene oxide membrane24 were
reported.
FTIR and XRD analysis

Fig. 3a shows the FTIR spectra of lemongrass/GO composite
membranes. The peaks at 3305 cm�1 (LGES) and 3296 cm�1

(LGDM) corresponded to the stretching vibration of the
hydroxyl (–OH) group. However, there was a shi in the inten-
sity of hydroxyl group in the composite membranes of LGES/GO
(3340 cm�1) and LGDM/GO (3344 cm�1) which was attributed to
the strong absorption of hydroxyl of GO.25 The peaks at
2918 cm�1 (LGES, LGDM, LGDM/GO), and 2922 cm�1 (LGES/
GO) were associated to the stretching vibration of the alkane
(C–H) group owing to the methyl and methylene group of
cellulose.26 The peak intensity at 1718 cm�1 corresponding to
the C]O stretching vibration of –COOH group of GO quite
weak in LGES/GO and LGDM/GO composite membrane, which
indicated the successful formation of hydrogen bonds with the
–OH groups of LGES and LGDM in the composite membrane.26

The peaks at 1635 cm�1 (LGES), 1637 cm�1 (LGDM), 1633 cm�1

(LGES/GO) and 1641 cm�1 (LGDM/GO) were assigned to the
C]C stretching. The peak at 1410 cm�1 (LGES) and 1417 cm�1

(LGDM) shied to 1420 cm�1 (LGES/GO) and 1421 cm�1

(LGDM/GO), which indicated the existence of GO in the
composite membrane. The peaks at 1031 cm�1 (LGES),
1037 cm�1 (LGDM), 1035 cm�1 (LGES/GO) and 1026 cm�1

(LGDM/GO) were assigned to the C–O stretching. The peaks of
the FTIR spectra of LGES/GO and LGDM/GO presented
a combination of peaks of pure GO, LGES and LGDM, which
indicated the successful dispersion of GO in the nano-
composites. The results are in agreement with morphology
Fig. 3 FTIR spectra (a) and XRD patterns (b) of LGES (lemongrass
extracted solution) membrane, LGDM (lemongrass dissolved mixture)
membrane, LGES/GO (LGES mixed with graphene oxide) membrane
and LGDM/GO (LGDM mixed with graphene oxide) membrane.

34078 | RSC Adv., 2019, 9, 34076–34085
analysis that showed the uniform dispersion of GO in the
membrane (Fig. 2c and d).

XRD patterns of all membranes are shown in Fig. 3b. The
characteristic peaks at 20.6� (LGES), 23.2� (LGDM), 20.8� (LGES/
GO) and 21.4� (LGDM/GO) corresponded to the cellulose.27 The
2q peak of GO at 12.0� was not observed in the GO/LG composite
membranes. In agreement with study of Han et al. on regen-
erated cellulose/graphite oxide (GO) blended lms,28 the
disappearance of the corresponding GO peak might be due to
further GO exfoliation into single layer as a result of mixing
process. Additionally, it has been reported that the hydrogen
bond interactions between cellulose and GO induced the
disappearance of the periodic interlayer spacing.29 This inter-
action has been supported by FTIR, where a shi in the inten-
sity of the hydroxyl group in the composite membranes was
observed.
Nano-indentation

Fig. 4a shows hardness results of all fabricated membranes.
LGDM membrane showed higher hardness (329.5 � 16.4 MPa)
than LGES membrane (222.2 � 11.9 MPa). The mixture of the
dissolved and undissolved particle as well as the compacted
structure (Fig. 2b) may have contributed to the higher hardness
of LGDM compared to LGES membrane. With the addition of
GO to LGES, hardness increased by 5%, from 222.2 � 11.9 MPa
(LGES) to 232.9 � 23.2 MPa (LGES/GO). Since GO possess good
mechanical properties, it was not surprising that addition of GO
enhanced the hardness of the membrane, although it resulted
in formation of cracks as shown by SEM cross-section image.
Surprisingly, LGDM membrane showed the highest hardness,
which was higher than that of the LGDM/GO membrane (176.9
� 10.4 MPa). This might be due to the fact that the addition of
GO destroyed the uniform compacted structure of LGDM
membrane as many cracks were formed in LGDM/GO, as shown
in Fig. 2b and d.

The reducedmodulus of membranes as illustrated in Fig. 4b,
demonstrated similar trend with hardness when adding GO and
was consistent with the study of Wu et al. in preparation of
cellulose nanocrystal lms using switchgrass and cotton,30

where the reduced modulus of fabricated lms pursued similar
Fig. 4 Materials hardness (a) and reducedmodulus (b) of 40 indents at
a maximum load of 1 mN load. LGES (lemongrass extracted solution)
membrane, LGDM (lemongrass dissolved mixture) membrane, LGES/
GO (graphene oxide mixed with LGES (5/95 (w/w))) membrane and
LGDM/GO (graphene oxide mixed with LGDM (5/95 (w/w)))
membrane. Error bars indicated standard deviation.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Thermogravimetric analysis of LGSNP (lemongrass snippets),
LGES (lemongrass extracted solution), LGDM (lemongrass dissolved
mixture), LGES/GO (graphene oxidemixedwith LGES (5/95 (w/w))) and
LGDM/GO (graphene oxide mixed with LGDM (5/95 (w/w)))
membranes.
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trend to the hardness of lms. The large standard deviation of
reduced modulus of LGDM and LGDM/GO membrane was
probably due to the existence of LG particles and GO sheets as
shown in Fig. 2b and d.

Fig. 5 showed the SPM image and calculated average
roughness (Ra) of fabricated membranes. Consistent with SEM
images (Fig. 2), both LGES and LGES/GO membrane showed
smoother surfaces compared to LGDM and LGDM/GO. LGDM/
GO membrane showed the highest roughness (ranged from
200 nm to 284.6 nm) due to presence of LG particles and GO
sheets. A large quantity of LG particles also resulted in higher
roughness of LGDM membrane (183.4 � 52.5 nm) compared to
LGES/GO membrane (88.3 � 9.8 nm). The roughness of
membranes would be an advantage, as it may facilitate dye
adsorption onto the membrane. This will be discussed further
in the following section. The LGES membrane exhibited the
lowest roughness (81.7 � 24.1 nm), which was consistent with
the result of SEM images (Fig. 2). The addition of GO slightly
increased the roughness of LGES membrane, which might be
attributed to the homogeneous mixing and interaction between
LGES solution and GO sheets.
Thermogravimetric analysis

The effect of temperature on weight loss of LGES, LGDM, LGES/
GO and LGDM/GOmembranes along with LG snippets (LGSNP)
for comparison purpose is demonstrated in Fig. 6. While the
addition of GO slightly changed the thermal degradation of
LGES and LGDM, three stages of thermal degradation can be
seen for all samples. The rst stage of thermal degradation
occurring from room temperature to around 150 �C can be
attributed to the loss of moisture and light volatile compounds
of lemongrass. LGES showed the highest weight loss in this
stage compared to the other four samples. This can be attrib-
uted to the higher moisture absorption of the membrane due to
the purity of this membrane without any LG particles and GO
nanosheets, as well as the higher amount of holes in the
structure (as observed by SEM images) which induced more
Fig. 5 SPM image (left) and Average Roughness (Ra) of materials
(right): (a) LGES (lemongrass extracted solution) membrane; (b) LGDM
(lemongrass dissolved mixture) membrane; (c) LGES/GO (graphene
oxide mixed with LGES (5/95 (w/w))) membrane; (d) LGDM/GO (gra-
phene oxide mixed with LGDM (5/95 (w/w))) membrane and (e)
average roughness (Ra) of materials. Error bars indicated standard
deviation.

This journal is © The Royal Society of Chemistry 2019
moisture absorption. The weight loss rapidly decreased in the
second stage which occurred from 150 �C to approximately
350 �C. This could be attributed to de-volatilization reactions in
which most of the organic part of the LG was diminished as
volatile matter.14 The third stage occurred between 350 �C and
800 �C, where the weight loss decreased due to the continuous
decomposition, however, LGDM showed faster degradation
than the other four samples. This could be due to the existence
of LG particles, which showed quicker decomposition. The
remaining weight at 800 �C represents the char content of the
samples: LGSNP (25.2%), LGDM (20.1), LGES (20.0%), LGES/GO
(26.4%) and LGDM/GO (22.5%). A sharp weight drop occurred
at 800 �C when gas switched from nitrogen to oxygen. The
marked weight loss was attributed to the combustion of
residual carbon. The nal weight corresponded to the ash
content of each sample. The remaining content of each sample
was LGSNP (9.5%), LGDM (3.9%), LGES (3.4%), LGES/GO (3.3%)
and LGDM/GO (5.3%). The high remaining content of LGSNP at
900 �C might be due to the lignin which was not physically and
chemically destroyed during sample preparation. It is worth
mentioning that thermal degradation stages and ash content of
LGDM membrane were found similar to that of milled LG
particles reported by Lee et al.,14 which further demonstrated
the effect of LG particles on LGDM membrane properties.
Dye adsorption analysis

To analyse the dye adsorption of the fabricated membranes,
methylene blue (MB) at three different initial concentra-
tions of 15 mg L�1, 100 mg L�1 and 400 mg L�1 was used.
Fig. 7 shows MB adsorption behaviour of the prepared
membranes within 24 h at room temperature. Table 2 lists
the adsorption amount of MB at different initial concen-
trations aer 24 h adsorption. All the prepared membranes
showed the highest adsorption capacity at 400 mg L�1 MB
RSC Adv., 2019, 9, 34076–34085 | 34079
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Fig. 7 Adsorption of different initial concentrations of methylene blue
(MB) with LGES (lemongrass extracted solution), LGDM (lemongrass
dissolved mixture), LGES/GO (graphene oxide mixed with LGES (5/95
(w/w))) and LGDM/GO (graphene oxide mixed with LGDM (5/95 (w/
w))) membranes, respectively, within 24 h. (a) 15 mg L�1 MB, (b)
100 mg L�1 MB, (c) 400 mg L�1 MB.
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concentration (Table 2). As shown in Fig. 7, at the initial 30
minute-mark, the LGDM/GO membrane showed the highest
adsorption capacity at all the three MB concentrations, as
well as the highest adsorption capacity of 68.4 mg g�1 at
400 mg L�1 MB concentration. This could be due to the
combination of rough surface, presence of particles and GO
layer in the LGDM/GO membrane (as shown in Fig. 2d and
5d) which increased the surface area and binding sites of
dye. At 15 mg L�1 concentration of MB and up to 7 h, the
LGDM membrane showed an identical adsorption behav-
iour to LGES/GO membrane. However, at both concentra-
tion of 15 mg L�1 and 100 mg L�1 MB and aer 7 h, LGDM
and LGDM/GO were almost identical and reached the
plateau. The adsorption for both membranes aer 24 h, at
15 mg L�1 was almost 100% and at 100 mg L�1 of MB was
greater than 80%. The results are promising, as LGDM
membrane showed higher MB adsorption (at 15 mg L�1

concentration, Table 2) at equilibrium qe (5.64 mg g�1) than
the Daucus carrot leaves powder (4.4 mg g�1) under similar
condition.31 Even with different adsorbent dose and MB
concentration, LGDM membrane also showed comparable
MB adsorption at equilibrium with that of yellow passion-
fruit waste peel powder.32
Table 2 Adsorption amount of MB of the fabricated membranes at diffe

Absorbent membrane
Adsorption amount
(mg g�1) of 15 mg L�1 MB

LGDM/GO 5.9
LGDM 5.8
LGES/GO 5.6
LGES 3.3

34080 | RSC Adv., 2019, 9, 34076–34085
While at higher concentration of MB (400 mg L�1) LGDM/
GO showed higher adsorption compared to LGDM, the
differences were around 10% and their initial adsorption was
similar (25%). LGES membrane showed the lowest MB
adsorption among all membrane and at all three MB
concentrations. Although the pores on the surface of LGES
membrane (Fig. 2a) can provide more sites for dye adsorption,
its compacted structure signicantly limited the adsorption
capacity. These ndings indicated that the presence of
lemongrass particles in LGDM membrane plays a major role
in the dye removal and its behaviour in dye adsorption is
comparable with membrane fabricated from GO with its large
surface area which affects the diffusion of dyes onto the
membrane. This further is discussed in next section; dye
adsorption kinetics.
Dye adsorption kinetics

The adsorption kinetics of methylene blue (15 mg L�1) on
LGDM/GO, LGDM, LGES/GO and LGES membranes were
investigated using pseudo-rst order,33 pseudo-second
order34 and intra-particle diffusion35 models and are plotted
in Fig. 8.

The Lagergren pseudo-rst order kinetic model33 is
expressed as the following equation:

ln(qe � qt) ¼ ln qe � k1t

where qe and qt are the amounts of MB (mg g�1) adsorbed on
membranes at equilibrium and time t (h), respectively, and k1 is the
rate constant of adsorption (h�1). The values of k1 and qe

cal calcu-
lated from the slopes (�k1) and intercepts (ln qe) of the linear plots
(Fig. 8a) are listed in Table 3. Although all the membranes showed
a high correlation coefficient, the experimental values of qe (qe

exp in
Table 3) were higher than the qe

cal. Therefore the pseudo-rst order
model did not comply with the kinetic data.

The pseudo-second order kinetic model34 is expressed as the
following equation:

t/qt ¼ 1/k2q
2
e + t/qe

where k2 is the rate constant for the pseudo-second order
adsorption process. k2 and qe

cal (Table 3) were calculated from
the intercepts (1/k2qe

2) and slopes (1/qe) of the linear plots
Fig. 8b. The qe

cal values were similar to the qe
exp on all the

membranes and the correlation coefficient were all quite high at
0.999. These indicated that pseudo-second order adsorption is
predominant for the fabricated membranes.
rent initial concentrations after 24 h adsorption

Adsorption amount
(mg g�1) of 100 mg L�1 MB

Adsorption amount
(mg g�1) of 400 mg L�1 MB

36.0 68.4
34.7 52.2
31.9 46.3
16.7 33.9

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Adsorption kinetics of methylene blue on lemongrass membranes: (a) pseudo-first order, (b) pseudo-second order, (c) intra-particle
diffusion plot.
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Intra-particle diffusion35 model was also applied to investigate
the role of diffusion in the membrane dye adsorption process,
which is expressed as the following equation:

qt ¼ kit
0.5 + C

where ki is the intra-particle diffusion constant. The intercept
(C) and slope (ki) were calculated from the linear plots Fig. 8c,
and were listed in Table 3. Methylene blue adsorption on
membranes included two steps: MB adsorption on the
membrane surface (from 0.50.5 to 1.50.5) and MB diffusion into
the adsorption sites on the membrane (from 1.50.5 to 70.5). The
higher value of C demonstrated the higher surface adsorption
of MB on the membrane. Therefore, LGDM/GO and LGDM
membranes showed the highest surface adsorption of MB
among all membranes. Rate of diffusion was also higher in
LGDM than that of LGDM/GO. However, it is worth mentioning
that the intra-particle diffusion model was better tted for the
LGDM rather than LGDM/GO (R2 ¼ 0.991 and R2 ¼ 0.787,
respectively). Therefore, it can be concluded that surface
Table 3 Kinetic parameters for methylene blue adsorption on membran

Membrane qe
exp

Pseudo-rst order

qe
cal k1 R2

LGDM/GO 5.82 2.01 1.21 0.969
LGDM 5.64 2.33 0.52 0.972
LGES/GO 5.4 3.2 0.8 0.999
LGES 3.12 0.506 0.41 0.968

This journal is © The Royal Society of Chemistry 2019
adsorption and intra-particle diffusion mechanism is more
applicable to the LGDM compared to its composite with GO.

Antibacterial activity

Though the antibacterial activity of lemongrass essential (extracted)
oil has been widely reported,36–38 there is no report on antibacterial
property of membrane fabricated from lemongrass. Therefore, in
this work, the antibacterial activity of lemongrass membranes was
also evaluated to investigate if the fabrication process would retain
the natural properties of lemongrass. The evaluation is shown by
the inhibition zone (Fig. 9a and b, agar disc diffusion method), i.e.,
the clear zone surrounding the tested membrane where the growth
of bacteria is inhibited due to the antibacterial property of
membrane. Although there was no growth of bacteria on all the
membranes, the inhibition zone was quite small which cannot
clearly show the membrane antibacterial activity. To further inves-
tigate the antibacterial activity of prepared membranes during dye
adsorption, the growth performance of bacteria in modied tryp-
tone soya broth with and without a membrane (control) was
monitored during 24 h (Fig. 9c). LGDM/GO membrane showed the
es

Pseudo-second order Intra-particle diffusion

qe
cal k2 R2 ki C R2

5.95 1.38 0.999 0.2 5.33 0.787
5.88 0.48 0.999 0.59 4.11 0.991
5.72 0.42 0.999 0.66 3.78 0.869
3.17 1.93 0.999 0.18 2.66 0.983
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Fig. 9 Bacterial inhibition zone (a and b) and bacterial growth
performance (c) of LGES (lemongrass extracted solution), LGDM
(lemongrass dissolved mixture), LGES/GO (graphene oxide mixed with
LGES (5/95 (w/w))) and LGDM/GO (graphene oxide mixed with LGDM
(5/95 (w/w))) membranes during 24 h of incubation against E. coli.
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lowest optical density than the other membranes at each time point
within 24 h, which indicated its highest bacteria growth inhibition
among the prepared membranes. This could be due to the full
contact interactions between bacteria and membrane. The anti-
bacterial property of GO and lemongrass works better in liquid
phase using tryptone soya broth than on the solid agar plate. With
the addition of GO, LGDM/GO and LGES/GOmembrane had lower
bacteria growth optical density than LGDM and LGES membrane,
which means the incorporation of GO improves membrane anti-
bacterial activity. Although the incorporation of GO can enhance
antibacterial activity,39–41 the lemongrass membranes also showed
antibacterial properties, and LGDM membrane demonstrated the
comparable antibacterial activity with the LGDM/GO membrane
within 7 h interaction. This further supports the hypothesis that the
fabrication process would maintain the natural properties of
lemongrass. Considering the low cost and abundance of lemon-
grass, the LGDM is more promising as dye adsorbent with anti-
bacterial activity than the membrane with the addition of GO.
Experimental
Materials

Lemongrass was purchased from the local supermarket.
Sodium hydroxide (NaOH), urea and methylene blue (MB) were
purchased from Sigma-Aldrich (Australia). Nylon membrane
34082 | RSC Adv., 2019, 9, 34076–34085
lters with pore size 0.45 mm were from ProSciTech Pty Ltd
(Australia).

Preparation of lemongrass powder

Lemongrass was rinsed with water and dried at 37 �C for 60 h.
The dried lemongrass was rst converted into snippets by the
rotary cutter mill (Pulverisette 19, Fritsch GmbH, Germany).
The lemongrass snippets (LGSNP) then were mixed with
deionized (DI) water (0.1 g mL�1) and milled into lemongrass
slurry using Attritor milling (2S, Union Process, USA). The
lemongrass powder was obtained by drying the above slurry
with a mini spray dryer (B-290, Buchi Labortechnik AG,
Switzerland).

Synthesis of graphene oxide

Graphene oxide (GO) dispersion was synthesized using the
modied Hummers' method.42 First 1 g of expanded graphite
was stirred in 200 mL sulfuric acid at 400 rpm for 24 h, and 10 g
grounded KMnO4 powder was added into the mixture slowly
and stirred for 24 h. The mixture was put in an ice bath to
decrease the temperature to 5 �C. Then 200 mL DI water was
injected into the mixture at different ow rates: the rst 10 mL
at 5 mL h�1, then 40 mL at 20–30 mL h�1 and the rest 150 mL at
50 mL h�1. 30% H2O2 solution (no more than 30 mL) was added
into the mixture and stirred for another 30 min to consume the
excessive KMnO4. Subsequently, 500 mL of HCl solution (water
to HCl is 9 : 1 (v/v)) was stirred with the mixture for 30 min,
followed by centrifuging at 6000 rpm for 20 min. The GO
dispersion was repeatedly washed and centrifuged about 7
times until the pH reached 6.

Preparation of lemongrass membrane with and without
graphene oxide

Four different membranes were fabricated in this work as
follows. Lemongrass powder (1 g) was dissolved in 100 mL of an
aqueous mixture of 7% NaOH and 12% urea at room temper-
ature for 3 days. Then the mixture was dialyzed against DI water
with a cellulose dialysis tube (molecular weight cut-off ¼ 14 000
kDa; Sigma Aldrich, Australia) at room temperature for 3 days.
The dialysed solution containing lemongrass particles was used
as the lemongrass-dissolved mixture (LGDM). Subsequently, the
lemongrass-extracted solution (LGES) was obtained by centri-
fuging the LGDM, to remove undissolved lemongrass particles.

LGES solution was poured into a Petri dish and dried in
a fume hood at room temperature to prepare LGES membrane.
The membrane was dried further in the oven overnight at 60 �C.
LGDM solution mixture was ltrated through nylon membrane
(0.45 mm pore, 47 mm diameter) using a vacuum ltration
assembly, and the prepared LGDM membrane dried for 24 h at
room temperature. GO water solution was added into LGES
solution and ultra-sonicated for 4 h, followed by vacuum
ltration. Aer ltration, the LGES/GO (95 wt% LGES : 5 wt%
GO) membrane was peeled off from the nylon membrane and
dried for further testing. LGDM/GO (95 wt% LGDM : 5 wt%GO)
membrane was prepared using the same methods as LGES/GO
membrane. Fig. 10 illustrates the preparation of the lemongrass
This journal is © The Royal Society of Chemistry 2019
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Fig. 10 Schematic fabrication process from lemongrass (LG) plant to
membranes.
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powder, lemongrass membrane as well as lemongrass/GO
composite membranes.
Characterization

The particle size of lemongrass snippets and spray dried powder
was measured using the Malvern Mastersizer 2000 (USA). The
volume-based particle size test method was used to analyse the
particle size: the volume medium diameter d (0.5) represents
that 50% particles are higher, and 50% particles are lower than
the stated size. Additionally, d (0.1) and d (0.9) mean that 10%
and 90% of the tested particles were smaller than the presented
size.21 Error bars were neglected owing to the Mastersizer 2000
powder samples measurements having insignicant variation
in d (0.5) measurements.

The morphology of membranes was scanned using a scan-
ning electronmicroscopy (SEM) (Zeiss Supra 55VP). Membranes
were gold sputter-coated (Leica EM ACE600) and then imaged
under the SEM with 5 kV accelerating voltage. To obtain the
cross-sectional image, membranes were submerged in liquid
nitrogen for 3 minutes and the membranes were manually
cross-sectioned using a clean, sharp razor blade, and the cross-
sections were gold sputter coated and imaged using SEM with 3
kV accelerating voltage.

The ne structure of the membranes was analysed using
Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). The FTIR spectra of the membrane samples
were obtained from Bruker Vertex 70 FTIR spectrometer with an
ATR (attenuated total reectance) mode, with a scan resolution
of 4 cm�1 and 64 scans per sample in the range of 4000 cm�1–
This journal is © The Royal Society of Chemistry 2019
500 cm�1. The spectral data were analysed (baseline correction)
with OPUS 5.5 soware.

The X-ray diffractogram (XRD) of all the samples was
acquired by PANalytical X'Pert Power X-ray Diffraction instru-
ment at 40 kV and 30 mA. The experiments were performed in
the diffraction range from 6� to 40� at a 0.013� step size with
a speed of 150 seconds per step. The data then was extracted by
Highscore Plus V4.6a soware.

Thermal properties of LGSNP, LGES, LGDM, LGES/GO and
LGDM/GO membranes were analysed using thermogravimetric
analysis (TGA) which was conducted on TGA Q50 (USA).
Samples (5–10 mg) were heated from room temperature to
800 �C at a heating rate of 10 �C min�1 under a nitrogen
atmosphere. The gas was changed to oxygen from 800 �C and
heated to 900 �C at 10 �C min�1.

Nano-indentation tests were conducted on all membrane
samples with Hysitron “TI 950 Tribo-Indenter” to investigate
hardness, reduced modulus and surface roughness. The
equipment with a standard Berkovich probe was calibrated
before each test.

The probe was forced onto the sample at 200 mN s�1 for 5
seconds and held at the peak load of 1000 mN (Pmax) for 2
seconds, then unloaded at 200 mN s�1. Hardness (H) was
calculated based on the following formula:43

H ¼ Pmax

A

where ‘Pmax’ is the maximum load 1000 mN and ‘A’ is the probe
contact area. 40 indentation tests were carried out on each
membrane type, with 15 mm distance between indents.

Themembrane reducedmodulus Er was calculated following
Oliver–Pharr model.44

Er ¼ S
ffiffiffi

p
p

2
ffiffiffiffi

A
p

where ‘S’ is the contact stiffness and ‘A’ is the probe contact
area.44

Surface roughness (Ra) was measured using scanning probe
microscopy (SPM). Seven spots were randomly chosen on each
sample. The projected area of 1600 mm2 was scanned at each
spot with a probe speed of 16 mm s�1. Berkovich tip was used for
SPM with an imaging load of 2 mN. Post scanning, ‘Tribo view’
soware was used to remove sample tilt by ‘background
subtraction’ routine and to calculate ‘Ra’.

Three different initial methylene blue (MB) concentrations
of 15 mg L�1, 100 mg L�1 and 400 mg L�1 were prepared in DI
water. For the dye adsorption test, 10 mg of membranes were
put in 4 mL of dye solution and shaken at a rate of 100 rpm at
ambient temperature. At time intervals of 0, 0.5, 1.5, 3, 5, 7 and
24 h, the dye solution was respectively measured using a UV-Vis
spectrophotometer (Cary 300, Agilent Technologies). The
percentage of dye adsorption at each time interval was calcu-
lated using the following equation and based on the maximum
absorption peak for MB (at 664 nm):

Dye adsorption ð%Þ ¼ C0 � Ct

C0

� 100%
RSC Adv., 2019, 9, 34076–34085 | 34083
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where C0 is the dye adsorption at 0 h, and Ct is dye adsorption at
each time interval.

The amount of dye adsorbed on membranes at equilibrium
qe (mg g�1) was calculated using the following equation:31

qe ¼ (C0 – Ce)V/M

where Ce is the equilibrium concentration (mg L�1) of dye in
solution, and V is the solution volume (L) and M is the mass of
membrane (g).

The antibacterial property of membranes was tested using
a disk diffusion method. Escherichia coli (E. coli; ATCC no.
11229) was used as test bacteria. E. coli strain was cultured in
a sterilized glass bottle with modied tryptone soya broth (TSB)
in a shaker incubator at 37 �C overnight. 100 mL of inoculum
containing approximately 106 CFUmL�1 was spread throughout
the surface of tryptic soy agar plates and then circular discs for
each type of membranes were placed on it and incubated in the
incubator at 37 �C for 24 h. Then the inhibition zones around
the membranes were captured with a digital camera to illustrate
the antibacterial property of membranes.

Bacteria growth performance in modied tryptone soya
broth with and without membrane was monitored during 24 h
to investigate the antibacterial activity of prepared membranes
during dye adsorption. E. coli suspension (105 CFU mL�1) was
inoculated in 35 mL modied TSB with 50 mg membrane. The
control group was only E. coli suspension in 35 mL modied
TSB. These bottles were then stored in a shaker incubator (at
110 rpm) at 37 �C for 24 h. E. coli growth performance was
investigated by measuring the optical density at 475 nm at 0, 2,
4, 6, 8 and 24 h.
Conclusions

This paper demonstrates a facile technique to fabricate
membranes from lemongrass with antibacterial property for
dye removal. The lemongrass dissolved mixture membrane
(LGDM), with the highest hardness and reduced modulus,
demonstrated an excellent dye adsorption capacity which is
comparable to its composite with graphene oxide (LGDM/GO).
This was due to the rough structure of LGDM with the exis-
tence of partially dissolved lemongrass particles. With the
addition of graphene oxide, composite membrane showed
layered structure. This layered structure induced the decrease in
hardness and reduced modulus of lemongrass dissolved
mixture/graphene oxide (LGDM/GO) membrane compared with
lemongrass dissolved mixture membrane (LGDM). The methy-
lene blue adsorption on membranes tted well with pseudo-
second order and intra-particle diffusion models, where it
showed that lemongrass dissolved mixture membrane (LGDM)
followed both the surface adsorption and intra-particle diffu-
sion mechanism. The antibacterial experiments also supported
the hypothesis that the fabrication process would maintain the
natural properties of lemongrass. In a combination with the
facile fabrication technology, improved mechanical properties,
good dye adsorption, antibacterial properties and easy adsor-
bent separation aer dye adsorption, the lemongrass dissolved
34084 | RSC Adv., 2019, 9, 34076–34085
mixture membrane could be a promising candidate for water
ltration.
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