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Abstract:
Porous luffa plant fibre (LF) was grafted with Fe and Zr, and the ability of the fabricated
adsorbents to remove arsenate (As(V)) from water was investigated in batch and column
adsorption experiments. The Langmuir adsorption capacity (mg g') at pH 7 of LF was found
to be 0.035, which increased to 2.55 and 2.89 after being grafted with Fe (FLF-3) and Zr
(ZLF-3), respectively. Grafting with Fe and Zr increased the zeta potential and zero point of
charge (ZPC) of LF (from pH 3.9 to 7.4 for Fe grafting and to 7.6 for Zr grafting), due to
chemical bonding of the metals, possibly with the hydroxyl and carboxylic groups in LF as
indicated in FTIR peaks. Zeta potential and ZPC decreased after As adsorption owing to
inner-sphere complexation mechanism of adsorption. The increase of pH from 3 to 10
progressively reduced the adsorbents’ adsorption capacity. Co-existing anions weakened the
As(V) removal efficiency in the order, PO4* > SiO3% > CO3* > SO4>". Adsorption kinetics
data fitted well to the Weber and Morris model, which revealed initial fast and subsequent
slow rates of intra-particle As diffusion into the bigger pores and smaller pores, respectively.
Column adsorption data fitted well to the Thomas model with the predicted adsorption

capacities in the same order as in the batch adsorption experiment (ZLF-3 > FLF-3 > LF).
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1. Introduction

Arsenic (As) is classified as a Class I human carcinogen because it is very toxic to
people’s health through the food chain and drinking water (Niazi et al., 2018). High doses of
inorganic As cause a number of diseases related to the skin, lungs, and other organs such as
vascular disease, renal disease, neurological problems, cardiovascular disease, and chronic
lung disease (Berg et al., 2007; Mohan and Pittman, 2007). Two of the most toxic species of
As in natural aqueous systems are trivalent (arsenite, As(IIl)) and pentavalent (arsenate,
As(V)) ions (Berg, 2007). Generally, As(III) exists under mildly reducing conditions in the
non-ionised form (H3AsO3) at pH < 9 and changes to ionised form (HAsO3*) at pH > 9.
While As(V) predominantly presents in oxidising conditions and exists in the ionised form
(H2As047, HAsO4*, AsO4>") in a wide range of pH (pH 2 - 14). As in water is derived from
both natural and anthropogenic sources. The major industrial processes that lead to As
contamination are smelting of non-ferrous metals, combustion of fossil fuels, and manufacture
and use of arsenical pesticides and wood preservatives. In nature, As could be found in
minerals (e.g. pyrite) and hydrothermal veins (Segaard, 2014), which on weathering release
As to surface and ground waters and sediments. The most common As concentration of
highly contaminated groundwater sources is around 0.1-0.5 mg L', which is much higher
than the WHO’s guideline on drinking water for As (0.01 mg L") (Nguyen et al., 2020a).

Because As is very dangerous to humans, scientists have implemented various strategies
to remove As from drinking water. As well as the As removal efficiency feature of these
methods, their cost-effectiveness, sustainability, and environmental-friendliness are prominent
concerns. Among the numerous As removal techniques such as coagulation, adsorption, ion
exchange, and membrane separation, adsorption is an efficient, cost-effective, and relatively

easy-to-use method with minimum waste generation (Mohan and Pittman, 2007). Several
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natural and synthetic adsorbents have been explored and used widely. Low-cost adsorbents
consist of natural materials such as manganese ore, goethite, pisolite, red mud, dry plant
materials, etc (Chiban, 2012; Mohan and Pittman, 2007). Of these, adsorbents derived from
plants have been considered promising media for removing pollutants from water because of
their environmental friendliness, low cost, local availability, and sustainability (Abu-El-
Halawa et al., 2003; Chiban et al., 2009).

Luffa fibre (LF) is a material derived from the luffa plant. The luffa plant belongs to the
family of Cucurbitaceae and is widespread in subtropical and tropical areas, especially in
Southeast Asia, South Asia, Africa, and South America (Chen et al., 2014; Wang et al., 2017).
The internal structure of old cylindrical /uffa is a fibre-connecting porous and open-cell foam
material with the pattern of branched fibres (Chen et al., 2014). It contains
cellulose/hemicellulose, lignin, proteins, amino acids, polypeptides, glycosides, and other
inorganic compounds (Chen et al., 2014). Luffa is used widely as food (the young and fresh
variety), daily household cleaning material, and as a packaging material (the old and dry
variety) (Chen et al., 2014; Wang et al., 2017). In the environmental field, it can be used in
many applications. For example, natural luffa cylindrical fibre has been trialled as an
adsorbent to remove methylene blue dye, phenol, and lead from aqueous solutions
(Abdelwahab and Amin, 2013; Adewuyi and Pereira, 2017; Demir et al., 2008). However, it
has not been used as an adsorbent for removing As from drinking water.

In this research, LF with and without chemical modification was used to remove As(V)
from water. To enhance the adsorption capacity of the original LF, the LF material was
modified by grafting it with iron (Fe) and zirconium (Zr) separately. These metals were
selected for grafting for two reasons: firstly, high affinity of their oxides/hydroxides to As
adsorption; and secondly, their safety as regards to human health (Nguyen et al., 2020b). The
hydroxyl and carboxylic groups on the surface of LF can specifically adsorb Fe and Zr which

are known to have high adsorption capacity towards As(V) (Adewuyi and Pereira, 2017,
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Gupta et al., 2013; Kalaruban et al., 2019; Nguyen et al., 2020b). The performance of original
and modified LF on As(V) removal from synthetic water was evaluated through batch and
column adsorption studies. The effects of pH and coexisting anions on the adsorption process
were also evaluated. The novelty of this present study is that it is the first to compare As
removal performance of a bioadsorbent originating from a commonly cultivated plant ({uffa)
before and after chemical modification with two metals, Fe and Zr, having very high As
adsorption capacities in both batch and column-based experiments. Zeta potential and FTIR
measurements are used to explain the Fe and Zr complexation on LF and adsorption of As on
the metals-grafted LF. Previously, column-based studies that have direct relevance to practical

treatment-plant operations have rarely been reported for As adsorption by bioadsorbents.

2. Material and Methods
2.1 Feed solution

A synthetic stock solution was prepared by dissolving 4.165 mg sodium arsenate
(NazHAsO4-7H20) in 1 L Milli-Q water to obtain a concentration of 1 mg As(V) L. The
stock solution was diluted to the desired concentration of 0.5 mg L' for batch studies and 0.1
mg L! for fluidised column studies. These concentrations are typical of As contaminated
groundwaters in many countries. The ionic strength of the solution in batch studies was
maintained at 1 mM NaNOs. The solution pH was also adjusted to 7.0 £ 0.2 (except from 3 to

10 in the study on the effect of pH on As adsorption) by adding 0.1 M HNOs3 or 0.1 M NaOH.

2.2 Luffa material
2.2.1 Original material

The raw dry luffa appears as a cylindrical sponge column supported by a fibrous
network. The luffa column has four major areas, these being the inner surface, outer surface,

interlayer, and core. They grow in different directions, for instance the longitude,
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circumferential, and radial directions. LFs include small empty channels with an internal
diameter of 1-10 pm. Old luffa fruits with dark brown peel were collected from a household
in My Duc rural district, Hanoi, Vietnam. It was naturally sun-dried and the /uffa fibre (in the
form of cylinder sponge) was separated. The LF was cut into small pieces manually and
crushed to the size of 0.5-1 mm using a grinder. It was then washed by deionised distilled

water, dried at 70 °C, and stored in airtight containers.

2.2.2 Modified materials

The procedure employed by Gu et al. (2005) was modified and used to prepare iron
(Fe)-grafted luffa fibre (FLF) and zirconium (Zr)-grafted luffa fibre (ZLF). The modification
method comprised the following three steps.

Step 1: 10 g dried LF of size 0.5-1 mm was added into a 150 mL solution of 0.1 M
ferrous chloride tetrahydrate (FeCl>.4H20). The pH of the suspension reduced to
approximately 2.0 probably due to the hydrolysis of Fe. 0.1 M NaOH was added to the
solution to raise the pH to 4.2 - 4.5, and the mixture was agitated at 120 rpm for 24 h at room
temperature (25 = 1 °C).

Step 2: FLF produced in Step 1 was separated from the above mixture and dried at 70
°C for 24 h. The material was then washed with Milli-Q water till the brown coloured fraction
(excess iron) was removed, and the remaining fibre dried again at 70 °C for 24 h to produce
FLF-1.

Step 3: To enhance the degree of grafting, the FLF-1 was grafted once and then twice
more using the above procedure to produce FLF-2 and FLF-3, respectively. After cooling, all
FLFs were stored in airtight containers for testing.

ZLF-1, ZLF-2, and ZLF-3 were also produced using the same methods except by

mixing LF with 0.1 M zirconyl chloride octahydrate (ZrOCl>.8H,0) instead of ferrous
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chloride tetrahydrate. When the Zr salt was added the pH reduced to around 2.0 and NaOH

was added to raise the pH to 4.2-4.5 as in the case of Fe salt addition described above.

2.3 Comparison of the As adsorption capacity of different Luffa modifications

In order to compare the adsorption capability of new adsorbents produced from the two
kinds of grafting agents and grafting cycles, three different amounts of modified LFs (0.02,
0.05 and 0.07 g) were mixed with 100 mL As(V) solution of 0.5 mg L' and shaken at 120
rpm for 24 h. The initial pH and ionic strength of the solution were 7.0 + 0.2 and 1 mM
NaNO:s, respectively. After shaking the suspensions, the supernatant was filtered using 0.45
um filters, and the filtrates were analysed for As using an ICP-MS instrument (Agilent
Technologies 7900 ICP-MS). The results (presented in Section 3.1) demonstrated that FLF-3
and ZLF-3, which were LF grafted three times with Fe and Zr, had the highest As adsorption
capacity. Consequently, FLF-3 and ZLF-3 were chosen for the subsequent studies, including

their characterisation.

2.4 Material characterisation

The morphology and elemental composition of pristine LF, FLF-3, and ZLF-3 were
determined using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) (Quanta-650 instrument). The main functional groups’ presence on the
material surface was measured by Fourier transform infrared spectroscopy (FTIR, Nicolet iS5
FT-IR Spectrometer). BET surface area and Zeta potential were determined using N> adsorption
isotherm at 77 K with a Micromeritics absorptiometer (Accu Pyr II 1340. V1.02) at 77 K and
Nano ZS Zen 3600, respectively. The Barrett-Joyner-Halenda (BJH) method served to calculate
the total pore volume, pore size distribution and average pore diameter (Kalaruban et al., 2019).

The mineralogy was determined using a XRD Empyrean (Netherlands) diffractometer on



154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

powder samples of the adsorbents. The X-ray diffractometer was equipped with a Cu target
operated at 45 kV and 40 mA with a setting of 5-80 °(20), step time 2 °/min.

The elemental composition of LF and modified LFs were also determined by chemical
analysis using strong acid digestion. Here, 0.1 g sample was added into 100 mL mixed
solution of 2M HNOj3 and 1M HCI (1:1 volume ratio) and shaken for 4 h at 50 °C
(modification of the method employed by Kalaruban et al. (2016)). The suspensions were
filtered, and the filtrate was analysed for heavy metals using Agilent Technologies 4100 MP-

AES instrument.

2.5 Batch adsorption studies

The equilibrium adsorption study was conducted by mixing predetermined amounts of
adsorbents (1-5 g LF and 0.003-0.07 g of modified FLF-3 and ZLF-3) with 100 mL of 0.5 mg
As(V) L in 250 mL flasks and shaking them at 120 rpm for 24 h. At the end of this period,
the suspensions were filtered, and As in the filtrate was analysed as described earlier. The pH
of the solution was kept constant at 7.0 + 0.2 by checking the pH after 2-3 h and adjusting
back to the original value. This pH was selected for adsorption studies because most of the As
contaminated natural surface and ground waters had approximately neutral pH (Berg, 2007;
Mohan and Pittman, 2007). Initially, the pH increased during adsorption probably due to
exchange of As(V) anions with hydroxide groups attached to the Fe and Zr by ligand
exchange, leading to increased hydroxide ion concentration in solution (Ren et al., 2011). The
Langmuir, Freundlich and Temkin models were then used to model the experimental data.

The adsorption kinetics was carried out by mixing 1 g LF or 0.02 g FLF-3 or ZLF-3
with 100 mL of 0.5 mg As(V) L' in 250 mL flasks and shaking the flasks at 120 rpm. The
samples were collected at different adsorption periods, from 5 min to 24 h, and As(V)

concentration in solution was analysed as described in the equilibrium experiment. The
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experimental data were then modelled using pseudo-first order (PFO), pseudo-second order
(PSO), Elovich, and Weber and Morris models.

The analysis of the pH influence on As(V) adsorption by LF and modified LFs was
carried out by adjusting the pH of feed solution from 3 to 10. The dose of adsorbents was kept
constant at 10 g L'! for LF and 0.2 g L' for modified LFs and the initial As concentration was
0.5 mg As(V) L', The experiments were conducted using a method similar to the one
described for the equilibrium adsorption experiment. The final pHs were measured at the end
of the adsorption period.

The sodium salts of phosphate (PO4™), sulphate (SO4>), silicate (SiO3>) and carbonate
(COs%) at concentrations 0.1 and 10 mg L' were also added separately and together into
As(V) solution of 0.5 mg L'!. This was done to evaluate the influence of coexisting anions on
As(V) adsorption capacity of LF and modified LFs. In this set of experiments, the same
predetermined amounts of adsorbents were used (30 g L' of LF and 0.3 g L! of modified

LFs). As with the batch experiments, the pH of the solution was kept constant.

2.6 Fluidised-bed adsorption studies

Fluidised-bed adsorption experiments were conducted using acrylic glass tubes. The
adsorbents were filled in the columns to two bed-heights (H) of 15 cm and 30 cm. Cotton
balls were placed at the top and bottom of the column to keep the adsorbents in place without
changing the bed heights. In total there were six columns in this set of experiments,
corresponding to 2 columns (at 2 different heights) for each of the 3 adsorbents. Synthetic
water containing As(V) of 0.1 mg L' was pumped by a dosing pump (Master-Flux L/S) in the
up-flow mode through the columns at a constant flow rate of 47 mL h™!' (corresponding to 0.6
m h"). The effluent samples were collected at 2 h intervals in the first 24 h, and then once a
day until the column was almost saturated with As. The experimental data were modelled

using the Thomas model.
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3. Results and discussion
3.1 Comparison of the As(V) adsorption capacity of different modified LFs

The experimental results showed that the As(V) adsorption capacity of the original LF
did improve significantly after Fe and Zr modifications (Fig. 1). Moreover, the increase in the
number of grafting cycles also increased the As(V) adsorption capacity. At a dose of 0.2 g L',
As(V) removal efficiency of ZLF-1 was 30%, then it rose to 45% with ZLF-2 and 78% with
ZLF-3. In comparison with the original LF, the As(V) removal efficiency of ZLFs was 15 to
48% higher. The same trend was also observed with FLFs. This improvement can be
explained by the increasing amount of Fe and Zr on the surface of luffa through the multi-
cycle grafting process, as demonstrated by EDS and chemical analysis results (discussed later
in the paper). Due to the highest As(V) removal efficiency of FLF-3 and ZLF-3 in comparison

with other modifications cycles, they were used in the subsequent experiments.
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Fig. 1. The As removal efficiency percentage (E%) comparison of the modification methods,

(a) Fe grafted-LF and (b) Zr grafted-LF

3.2 Characteristics of adsorbents

The SEM images clearly showed the fibre structure of LF (Fig. S1, Supplementary
data). These images also displayed extremely different surfaces before and after the
modification of LFs. While original LF possessed a relatively flat, smooth, homogeneous
surface (Wang et al., 2017) the modification process caused a reduction in the homogeneity.
The modified LFs developed an irregular surface with a rough microstructure formation on
the surface as reported for LF after chemical washing by (Wang et al., 2017). Chaudhry et al.
(2017) reported that when Fe/Zr oxides were coated on sand, the surface became very
irregular and porous and ascribed this as due to the formation of amorphous and porous Fe/Zr
oxides. Chemical treatment during Fe and Zr grafting (acidity production and subsequent
alkali addition to neutralisation of acidity) might have removed the gummy/waxy materials in
LF to expose the rough surface as stated by Stella and Vijayalakshmi (2019). The porous
structure of the modified LFs is consistent with the increase in the BET surface area and pore

volume presented in the section below. No visible change occurred in the surface appearance

10
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of the adsorbents after As adsorption. This could be due to the very low concentration of
As(V) on the LF surface.

The EDS analysis was carried out to determine the concentrations of the grafting agents
in LF. The EDS mapping clearly showed that Fe and Zr are concentrated on LF surface with
the former spread over a larger surface (Fig. S1). The concentrations of Fe and Zr in the
respective metals grafted LF determined from the spectra are 6.09 and 4.95% (Fig. S1). The
chemical analysis also revealed the notable increase of Fe and Zr amounts after each grafting
cycle. The highest percentages of the grafting agent’s metals by the chemical analysis were 5.4
% Fe for FLF-3 and 5.3 % Zr for ZLF-3, compared to 2.9 % Fe and 2.0 % Zr for FLF-1 and
ZLF-1, respectively. The percentage of Fe and Zr after As adsorption remained nearly the same,
indicating that these metals did not leak into the solution during the adsorption process.

The BET surface area and pore volume of LF were quite small (0.61 m? g'! and 0.0034
cm® g') (Table S1, Fig. S2a). These values increased considerably after the grafting process.
The BET surface area of FLF-3 and ZLF-3 were 6.7 m? g and 10.7 m? g'!, respectively,
which are 11 and 18 times the value of the original LF. However, the BET surface areas of the
modified LFs are still small in comparison with most other adsorbents (Mohan and Pittman,
2007). The BJH total pore volume (cm?® g') of FLF-3 and ZLF-3 are 0.006 - 0.007 compared
t0 0.003 - 0.004 of LF (Table S1). Both modified and unmodified LFs had mainly mesopores
(> 95% mesopores (2 - 50 nm)) and < 5% micropores (< 2 nm) (Fig. S2b). Adewuyi and
Pereira (2017) also reported that the raw luffa fibres had mainly mesopores with a range of
pores of 10-30 nm sizes. The average pore size of LF is 16 - 27 nm, whereas that of FLF-3
and ZLF-3 are 3.3 - 4.9 and 3.5 - 5.0 nm, respectively. The cumulative pore volume increased
at a faster rate with decrease in pore size from 4 nm for FLF-3 and ZLF-3, but this was not the
case with LF (Fig. S2b).

XRD analysis showed the presence of cellulose in the original and metals grafted LFs

(Fig. S3a). The peaks at 20 =15 - 16, 22.6, and 34.4 are characteristics of commercial
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cellulose (Stella and Vijayalakshmi, 2019). Hemicellulose and lignin in the samples could not
be identified in the analysis because they are non-crystalline (amorphous) compounds
(Hideno, 2016) and XRD can only identify crystalline minerals.

The chemical components of LF are reported to be mainly cellulose (60 - 66%),
hemicellulose (17 -22%), and lignin (11 - 15%), which have hydroxyl and carboxyl chemical
groups with a strong affinity to bind with heavy metals (Adewuyi and Pereira, 2017; Siqueira
et al., 2010). Adewuyi and Pereira (2017) reported that the principal mechanisms of Pb
adsorption on luffa fibres are ion exchange of the Pb with protons in the carboxylic and hydroxyl
functional groups in cellulose and hemicellulose and H-bonding between Pb hydroxide species
and these functional groups. Similar mechanisms of adsorption would have occurred for other
heavy metals including Fe and Zr in this study. The FTIR pattern of LF shows peaks at 3690
cm™! and 1640 cm™! corresponding to -O-H stretching and bending, respectively, which are the
chemical bands of cellulose (Fig. S3b) (Petit and Puskar, 2018; Siqueira et al., 2010). The peaks
at 1710 cm! is assigned to -C=0 functional group in the components of hemicellulose and
lignin (Siqueira et al., 2010). The peak at 1053 cm™! revealed the presence of =C-O group in
either phenol or ester groups (Adewuyi and Pereira, 2017; Siqueira et al., 2010). The intense
peak from 971 to 1127 cm™! for Fe grafted LFs is the bending vibration of hydroxyl groups of
Fe (hydr)oxides in LF (Zhang et al., 2009). The peaks at 992 and 1506 cm™! for the ZLF-3 are
associated with -Zr-O and -Zr-OH bonds, respectively (Velazquez-Jimenez et al., 2014).

The peaks from 971 to 1127 cm™ of the FLF-3 and 992 cm™ of ZLF-3 adsorbents
reduced in size after As(V) adsorption, and no new peak appeared in the FTIR diagram (Fig.
S3b). This indicates that As(V) reacted only with the available functional groups of the
modified adsorbents and not formed any new compounds. Zhang et al. (2009) also reported
that these peaks (971 to 1127 cm™') weakened when As(V) adsorbed on Fe oxide and
explained this as being due to As(V) forming a surface complex with Fe in the adsorbent. In

the case of ZLF-3, the zirconyl ions on the surface of the Zr grafted LF adsorbent would have

12



289  chemically adsorbed As(V) (Daus et al., 2004). The FTIR results suggest that chemical

290  adsorption of As(V) on Fe and Zr sites in LF might be the primary mechanism of As(V)

291  adsorption on FLF and ZLF.

292 Fig. 2 shows the zeta potential (ZP) pattern of the three adsorbents before and after
293 As(V) adsorption. The ZP value of FLF-3 and ZLF-3 were much higher than that of LF due to
294  the impregnation of the positively charged Fe and Zr on LF’s surface. The zero points of
295  charge (pH at which the net surface charge is zero) of LF, FLF-3, and ZLF-3 were 3.9, 7.4,
296  and 7.6, respectively. The ZP of these adsorbents decreased when pH was increased and also
297  after As(V) adsorption. This is because of the specific adsorption of the increased amounts of
298  OH at increased pHs as well as the specific adsorption, i.e. inner-sphere complexation

299  (Loganathan et al., 2014) of the negatively charged arsenic ionic species (Mondal et al.,

300  2007). LF also contains cellulose chains with hydroxyl groups that can bind with As(V)

301  anions by hydrogen bonding and remove it from the solution (Elias et al., 2012; Fang et al.,
302  2014). The positive charges produced as a result of Fe and Zr impregnation would have also
303  adsorbed the negatively charged As(V) by electrostatic forces (physical adsorption or outer-
304  sphere complexation) (Loganathan et al., 2014). The fact that the positive ZP decreased after
305  As(V) adsorption indicates that the adsorption mechanism of modified LFs also included
306  chemical process (inner-sphere complexation). Others have also reported both physical and
307  chemical processes operating for the adsorption of As(V) on Fe (Kalaruban et al., 2019), and
308  Zr (Velazquez-Jimenez et al., 2014) -grafted organic carbon-based adsorbents.
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Fig. 2. The zeta potential of LF and modified LFs before (a) and after (b) As(V) adsorption

3.3 Batch adsorption studies
3.3.1 Equilibrium adsorption

Fig. 3 illustrates the equilibrium adsorption of As(V) on LF and modified LFs. The data
were evaluated using nonlinear forms of the Langmuir, Freundlich, and Temkin models. The
adsorption data fitted well to all three adsorption models, with the Temkin model being the
best-fitted model for the data of LF. The R? values for all model fittings were >0.88,
indicating that the fits were very highly significant (probability level = 0.001) (Preece et al.,
1982) (Table S2). The Langmuir maximum As(V) adsorption capacity (qm) of LF was 0.035
mg g”!, and it increased remarkably after modification. The Langmuir adsorption capacities of
FLF-3 and ZLF-3 were 2.55 mg g! and 2.89 mg g!, respectively (Table S2). These values are
70-80 times higher than that of the original LF. It clearly confirms the beneficial impact of the
grafting process. The improvement of As(V) adsorption capacity is due to the strong
adsorption of the anionic arsenic species onto Fe and Zr on the surface of the modified LFs, as
explained by the FTIR and zeta potential data earlier. The Langmuir isotherm constant ki is
related to the strength of the interaction between the adsorbent and adsorbate (Kocherbitov

and Arnebrant, 2010). The ki value for the three adsorbents is in the order ZFL-3 > FLF-3 >
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LF, which is the same order of qm. This shows that grafting of Zr and Fe on LF not only
increased the adsorption capacity, but also increased the energy of adsorption.

Furthermore, the favourable nature of As(V) adsorption on LFs was analysed using an
essential feature of the Langmuir isotherm model. This is the dimensionless equilibrium

parameter Rp as shown in the equation below.

1

R, = Tr T RLCY [1]

The Ry values for all the adsorbents in this study are 0 <Ry <1 (LF 0.23, FLF-3 0.172,
ZLF-3 0.051), indicating that the adsorption process is favourable (Demir et al., 2008).

Although the Freundlich constant ks does not give the maximum As(V) adsorption
capacity like the qm parameter of the Langmuir model, it is related to the adsorption capacity
(Dada, 2012). The model results showed that the k¢ values ((mg g!) (L mg™)™) of FLF-3 and
ZLF-3 are 3.020 and 3.851, respectively, which are 65 - 80 times higher than that of the
unmodified LF (0.047) (Table S2). This is consistent with the qm value differences between
the adsorbents. The values of the Freundlich exponent n term for all the adsorbents were
between 1 and 10 (LF 1.89, FLF-3 2.45, ZLF-3 3.32). Thus, the values for 1/n were between 0
and 1, indicating again a favourable sorption process, which is consistent with the conclusion
made from the Langmuir model (Nguyen et al., 2020b).

The Temkin model is usually used for heterogeneous surface energy systems and
chosen to evaluate the adsorption potentials of the adsorbent for adsorbates (Nguyen et al.,
2020b). The Temkin isotherm equilibrium binding constant At (L g!) (464, 83 and 50 for
ZLF-3, FLF-3 and LF, respectively) corresponding to maximum binding energy (Nayl et al.,
2020), correlates well with the Langmuir constant ki relating to the energy of adsorption
(ZLF-3 > FLF-3 > LF) (Table S2). Temkin isotherm constant br (kJ mol™!) is inversely related
to the heat of adsorption B calculated from the equation B = RT/br (unit of B, ] mol™'; R gas
constant, 8.314 J mol™! K*!; T, absolute temperature K) (Dada, 2012). The positive values

obtained for br suggest that the adsorption process is endothermic (Adeogun and Babu, 2015).
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Others have also reported endothermic reaction for the adsorption of As(V) on Fe-Zr binary
oxide coated sand (Chaudhry et al., 2017) and on natural laterite containing Fe oxides
(Nguyen et al., 2020a) based on thermodynamic adsorption studies. The B value for LF of
0.009 J mol! is much lower than that for FLF-3 (0.586 J mol™) and ZLF-3 (0.543 J mol ™),
indicating that the thermal energy created in the adsorption reaction of LF is lower than that
of the others.

The Langmuir adsorption capacity of LF is generally lower than those of other natural
plants (Table 1). However, the adsorption capacity of LF improved remarkably after
modification. The adsorption capacities of FLF-3 and ZLF-3 are comparable or much higher
than those of many other chemically modified bioadsorbents (Table 1). Some As adsorption
studies (Chiban et al., 2009; Daus et al., 2004; Zhang et al., 2013) were conducted at
exceptionally high solution As concentrations up to 100 - 200 mg L™! which are rarely found
in contaminated groundwaters and therefore they are not included in Table 1. As(V) is mostly
adsorbed by inner-sphere complexation onto the Fe and Zr hydroxy-oxides grafted on LF as
shown by the zeta potential and FTIR data, and therefore, the As(V) adsorption capacity is not
influenced by the surface area of the adsorbent matrix. In fact, there are many studies which
have shown that adsorbents having very low surface area can have high adsorption capacities,
because of certain constituents in the adsorbents having very high affinity towards As. For
example, a study on As(V) adsorption by a Fe oxide grafted on biomass which had a very low
surface area of 2 m? g'! resulted in a Langmuir maximum adsorption capacity of 1.54 mg g’!
(Pokhrel and Viraraghavan, 2008). On the other hand, adsorbents having very high surface
area do not necessarily have high adsorption capacity. This was demonstrated in a study of
As(V) adsorption on granular activated carbon (GAC) and Fe grafted GAC, where GAC
having a surface area of 1124 m? g”! had a low adsorption capacity of 1.01 mg g, whereas
Fe-GAC with a surface area of 876 m? g'! had an adsorption capacity of 1.43 mg g-1 (40%

increase over GAC) (Kalaruban et al., 2019).
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Table 1. Comparison of As(V) adsorption capacities of some bioadsorbents

Adsorbent Solution Cyp Q Reference

pH (mgL'h)*  (mgg')**
LF 7 0.5 0.035 This study
FLF-3 7 0.5 2.25 This study
ZLF-3 7 0.5 2.89 This study
Iron hydroxide modified 7 0.025-1.5  0.37-1.25 Vitela-Rodriguez and
activated carbon Rangel-Mendez (2013)
Granular activated carbon 6 0.1 1.01 Kalaruban et al. (2019)
Iron coated granular 6 0.1 1.43 Kalaruban et al. (2019)
activated carbon
Coal-based activated 6 0.5 1.76 Lietal. (2014)
carbon
Manganese oxide- 7 1-20 0.59,0.91  Wangetal. (2015)
modified pine biochar
Iron oxide coated A. 6 0.1 0.526 Pokhrel and Viraraghavan
niger biomass (2008)
Fish scale 6.8 0.333 0.0266 Rahaman et al. (2008)
Rice polish 4 0.1-1 0.147 Ranjan et al. (2009)
Anaerobic biomass 5 0.5-4 0.164 Chowdhury and Mulligan

(2011)

*Initial As concentration, **Langmuir maximum adsorption capacity
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3.3.2 Adsorption kinetics

The experimental data for the adsorption kinetics on LF, FLF-3, and ZLF-3 were fitted
to non-linear PFO, PSO, Elovich models, and the linear Weber and Morris model (Fig. 4).
The results show that As adsorption on ZLF-3 reached the fastest saturation within 60 min,
(Table S3). LF and FLF-3 needed more time to reach the saturated point, 4 h and 6 h,
respectively. The adsorption rate on all adsorbents during the initial period increased rapidly
because a large number of adsorption sites were available for As(V) adsorption. As time
progressed, it slowed down because of the gradual saturation of the adsorption sites before
finally reaching an equilibrium state with no change in adsorption capacity. Between the PFO
and PSO models, the latter fitted the data better for FLF-3 and ZFL-3, as revealed by the
higher R? values (0.985, 0.986 for PSO; 0.894, 0.953 for PFO). In addition, the experimental
maximum adsorption capacity (qexp) Was closer to the predicted adsorption capacity of the
PSO model (qe) than those for the PFO model for these modified LFs. This suggests that the
main As(V) adsorption mechanism was chemical adsorption for the modified LFs (Kalaruban
et al., 2019), as also found from the zeta potential data. The PSO adsorption rate constant (ko,
gmg! h') of ZLF-3 (5.1) is higher than that of FLF-3 (0.8) (Table S3), indicating that it had a
higher rate of adsorption than FLF-3. For the unmodified LF, the R? of the model fits to the
data, and the gexp/qe difference between the two models was nearly the same. Therefore, the
results could not suggest whether PSO or PFO is a better predictive model for LF adsorption
and whether the adsorption process is chemical or not.

The Elovich model fitted well to the adsorption data of all three adsorbents (Fig. 4a).
The a values of FLF-3 and ZLF-3 were much higher than that of LF, indicating that the initial
rate of adsorption was increased significantly after modification. This phenomenon can be
explained by the higher affinity of Fe and Zr modified LFs to As(V). The value of B (g mg™),

the desorption constant, which is inversely related to the affinity of adsorbate to adsorbent
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(Wang et al., 2015; Zhang et al., 2013) is much lower for FLF-3 (4) and ZLF-3 (6) than for
LF (233) (Table S3), indicating that the modified LFs have stronger affinity to As(V) than LF.
Because LF consists of pores and channels, the Weber and Morris model was chosen to
investigate the rate of As diffusion into this material through these pores/channels (Fig. 4b).
The As(V) adsorption capacity of LF was too small, and therefore the change in adsorption
rate could not be determined. For this reason, the Weber and Morris model fit to LF
adsorption data was described by a single straight line. However, the As(V) adsorption
process for FLF-3 and ZLF-3 appears to take place in two phases. The two phases were
described by the two straight lines that fit the data in Fig. 4b. The data fit to the two straight
lines for both the modified adsorbents are very highly significant with R? values > 0.960. The
kp values of the first set of straight lines (kp1) were higher than the respective k, values (kp2) of
the second set of straight lines, indicating that the intra-particle diffusion rates of As(V) into
these adsorbents at short-term adsorption are faster than those at the long-term process. The
faster rate is due to intra-particle diffusion of As into the larger sized pores of the absorbents
(mostly > 4 nm, Fig. S2), and the slower rate is due to intra-particle diffusion of As into the
smaller sized pores (mostly <4 nm, Fig. S2). Kalaruban et al. (2019) also reported a good fit
of data to the Weber and Morris model for the kinetics of adsorption of As on Fe-coated
granular activated carbon (GAC) with two distinct straight lines. They considered that the two
straight lines fit, indicating As diffusing initially (short-term process) through the mesopores

in GAC and later (long-term process) through the micro-pores in GAC.
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Fig. 4. Batch kinetics adsorption by LF and modified LFs, (a) PFO, PSO and Elovich models

and (b)Webber and Morris model

3.3.3 Influence of pH on As(V) adsorption

pH is one of the most important parameters of the adsorption process. It impacts the
surface charge of the adsorbents, the extent of ionisation of the surface groups, the nature of
the adsorbing ions, and finally influences the adsorption mechanisms (Firdaous et al., 2017).
Fig. 5 shows the influence of pH on As(V) adsorption by LF, FLF-3, and ZLF-3. The As(V)
adsorption efficiency of the three adsorbents declined when the pH rose from 3 to 10 (from 53
- 68%). This fall in adsorption capacity is due to the increase in the surface negative charges
on the adsorbents as pH increases (as shown in the zeta potential diagram, Fig. 2), which is
not favourable for the adsorption of the negatively charged As species. Additionally, the
number of negative charges on the As species would have also increased with pH to aggravate
this situation. Another reason is that the increasing concentration of hydroxyl ions at high pHs
might have competed with As species for specific adsorption on the adsorbents.

The decline in As(V) adsorption capacity with rise in pH has also been reported by
others. For example, for a granulated activated carbon (GAC) and iron grafted GAC, it was
reported that the adsorption capacity continued to decrease with increase in pH from 6 to 8

(Kalaruban et al., 2019). For an iron-zirconium binary oxide adsorbent, it was shown that
21



456  As(V) adsorption efficiency continuously declined with increase in pH from 5 to 11 (Ren et
457  al., 2011). Similarly, the adsorption of As(V) on iron and zirconium grafted manganese oxide
458  ore decreased from pH 3 to 10 (Nguyen et al., 2020b). Also, for three types of iron oxide

459  minerals and zero-valent Fe, As(V) adsorption decreased from pH 6 to 12 (Mamindy-Pajany

460 etal, 2011).
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Fig. 5. Influence of pH on As(V) removal efficiency of LF (10 g L"), FLF-3 (0.2 g L") and

ZLF-3(02gL™)

3.3.4 Effect of co-existing anions on As(V) adsorption

In nature, many ions present in water, but some of them are able to interfere with the
uptake of As through competitive adsorption. Four typical anions PO4>, SiO3%, SO4>" and
COs%, which commonly co-exist with As in water, were selected to evaluate the influence of
co-existing anions on As(V) adsorption.

The results showed that the performance of the three adsorbents was affected depending
on the presence of co-existing anions and their concentrations. At the lower concentration (0.1
mg L), the effect of SO4>" and COs* ions on As(V) removal efficiency was almost invisible,
while the influence of PO4> and SiOs> ions was remarkable (As removal reduced by 20-30%,
in the case of FLF-3). At the higher concentration (10 mg L!) of each ion, PO4* and SiOs*
ions impacted greatly on the As(V) removal efficiency (As removal reduced by 50-70%),
especially PO4> because of their chemical similarities (Ren et al., 2011).

In general, the order of competition for adsorption is: PO4* > SiO3* > CO3> > SO4*.
The same order of competition was also reported by Nguyen et al. (2020a) for As(V)

adsorption by a natural laterite containing Fe oxides. The reason for PO4>~ and SiO3> having
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higher competition than CO3* > SO4?" is that they are adsorbed mostly by inner sphere
complexation onto the Fe and Zr in the adsorbent compared to the latter two ions which are
adsorbed mostly by outer sphere complexation (Tuutijdrvi et al., 2012). Inner sphere
complexation leads to strong chemical adsorption usually involving ligand exchange
mechanism (adsorbent surface OH groups exchanging with anions such as arsenate)
(Loganathan et al., 2014; Ren et al., 2011). Tuutijirvi et al. (2012) reported that SO4*and
NOs™ had negligible effect on As(V) adsorption by maghemite but PO4* and SiOs* had strong
adverse effect. Gu et al. (2005) also reported that SO4>* did not affect As(V) adsorption by Fe
grafted GAC, whereas PO4s* and SiO3%* did. Ren et al. (2011) observed that the adsorption of
As(V) by Fe/Zr binary oxide was not affected by SO4%, slightly by COs*, and severely by
PO4* and SiO3%". Of the last two anions, the former was considered to compete more
intensively with As(V) because they have similar molecular structure and located in the same
group in periodic table (Ren et al., 2011; Zhang et al., 2009). Another similarity is that both
are oxyanions and have similar types of ionic species at neutral pH (H2PO4", HPO4* ; H,AOy",
HAsO4*) (Tuutijirvi et al., 2012).

The competitive ability of the co-existing anions was enhanced when all of them were
present in the same solution. The presence of multiple anions in solution competed for a
greater number of adsorption sites of As, thus leading to the significant decline in As(V)
removal efficiency. This decreased from 40% to 90% as the mixed anions concentration

increased from 0.1 mg L' to 10 mg L.,

3.4 Fluidised-bed studies

Fig. 6 depicts the As breakthrough curves of six columns. At the same initial As(V)
concentration (Co = 0.1 mg L) and filtration velocity (Q = 47 mL h™!), the breakthrough
curves of LF were always steeper than those of FLF-3 and ZLF-3. It means that LF saturated

faster than the others did. At the same bed height, the plateau of Ci/C, of these columns
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occurred at different periods and bed volumes (BV). For example, with the 15 cm columns,
the life cycle of LF was shortest, and the plateau of Ci/C, occurred around 120 h (BV 479,
C/Co = 0.99). Meanwhile FLF-3 and ZLF-3 operated for much longer, and the ratio C/C, =
0.98 occurred approximately at 1824 h, BV 7281, and 2832 h, BV 11304, respectively. In the
case of 30 cm columns, a similar trend was also observed. For LF, C/C, of 0.80 was reached
at BV =239 (120 h) while for FLF-3 and ZLF-3, this C/C, was reached at BV of 3640 (1824
h) and BV of 5652 (2832 h), respectively.

For each adsorbent, the higher column height became saturated after a longer time than
the shorter one. This is because the column packed with an adsorbent to a greater height had a
larger number of adsorption sites for As(V) adsorption. The longer operational time of the
column with greater height enables it to treat larger volumes of water to maintain As
concentration below the WHO recommended level of 0.01 mg L!. For instance, the 30 cm
column with ZLF-3 adsorbent treated 33 L of water to the WHO level compared to 6.8 L
water the 15 cm column treated. The corresponding volumes of water treated by LF columns
were 0.1 and 0.2 L, respectively.

The total amount of As(V) adsorption, qeotal (Mg), and column adsorption capacity, qe exp

(mg g!) in the fluidised-bed studies were calculated using the following equations (Kalaruban

etal., 2016):
t=total
Grotar = Q- [,y (Co — Cdt [2]
Qeexp = dtotal [3]

m

where: Q is the filtration velocity, (L h™"); C, is the initial As(V) concentration (mg L™);
and Cy is the As(V) concentration at time t (h), (mg L™).

The calculations showed that ZLF-3 had the highest As(V) adsorption capacities at both
the column heights (2.630 and 1.950 mg g™! with H 15 and 30 cm columns, respectively),

followed by FLF-3 (1.237 and 1.031 mg g!) and LF (0.054 and 0.053 mg g!).
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The Thomas model (equation 4, Kalaruban et al. (2016)) fitted well to the experimental

data with values of R? > 0.87 (Fig. 6).

Co _ Krngem _
In (E — 1) = TR — Ky Cot [4]

where: Kt is the Thomas rate constant (L.h"!.mg™); qc is the maximum solid-phase
concentration of As (mg g'!'); and m is the mass of adsorbent (g).

The modelling results showed that the maximum As adsorption capacity of ZLF-3 was
the highest (2.7 and 2.2 mg g! for 15 cm and 30 cm height columns, respectively), while that
of LF was the lowest (0.06 mg g"! for both column heights). The corresponding values of

FLF-3 were 1.26 mg g™ and 1.10 mg g!, respectively.
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Fig. 6. The experimental breakthrough curves and Thomas model fit to data for As(V)

removal at V=0.047 Lh™!, Co,=0.1 mg L' and H =15 cm (a) or H = 30 cm (b)

3.5. Adsorption mechanism

Zeta potential data showed that when LF was modified with the positively charged Fe
and Zr, the negative charges on LF significantly decreased at all pHs and reversed to positive
values at pHs 4.0 to 7.5. FTIR data provided evidence that Fe and Zr were complexed with the
hydroxyl and carboxylic groups mostly present in the cellulose component of LF. XRD data

proved that cellulose was present in LF. The grafting of Fe and Zr produced significant amounts

of these metals on the grafted product as shown in EDS mapping.
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The positive charges generated on LF by Fe and Zr would have helped the adsorption of
some As(V) by coulombic (electrostatic) forces leading to outer-sphere complexation.
However, the major mechanism of As(V) adsorption is through inner-sphere complexation
caused by ligand exchange of surface hydroxyl groups attached to Fe and Zr with As(V)
species (H2AsO4: HAsO4%) (Kalaruban et al., 2019; Mohan and Pittman, 2007; Nguyen et al.,
2020b; Ren et al., 2011; Tuna et al., 2013). The evidence for this process is provided by the
zeta potential data. The zeta potential of FLF and ZLF decreased and even became negative at
pHs above 6.5 due to the negatively charged As(V) ions complexing with the Fe and Zr
oxides/hydroxides. Because As(V) was adsorbed mainly by inner-sphere complexation the
non-specifically adsorbing anions such as SO4>" and CO3> were not able to compete well with
As(V) for adsorption sites. The scheme of As(V) adsorption mechanism is illustrated in
equations 5-8 below. Equations 5 and 6 are for H2AsO4", the dominant anionic species at pH
2-7, and equations 7 and 8 are for HAsO4>", the dominant species at pH 7-12 (Ren et al.,
2011). The complexation could have occurred by As(V) species acting as electron donors and
the metal hydroxide groups acting as electron acceptors (Tuna et al., 2013). SEM images
showed that Fe and Zr modifications exposed the pores and channels of the fibrous LF in the
acidic conditions prevalent during the modification process which removed the gummy/waxy
substances on the LF surface. The adsorption of As(V) on FLF and ZLF is not only on the
planer surface of the adsorbent, but also inside these pores/channels by As(V) diffusion as

demonstrated by Weber and Morris kinetic data analysis.

LF]-Fe-OH + H,AsOs — LF]-Fe-H,AsOy + OH- [5]
LF]-Fe-OH + HAsO4* — LF]-Fe-HAsOs* + OH- [6]
LF]-Zr-OH + HyAsOy — LF]-Zr-H)AsOy + OH- [7]
LF]-Zr-OH + HAsO4* — LF]-Zr-HAsOs* + OH- [8]
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4. Conclusions

This study has demonstrated that porous fibres of the /uffa plant (LF), which is found in
most parts of the world, can be easily grafted with Fe and Zr, and the As(V) adsorption
capacity can be increased by 70-80 times when compared to the unmodified raw LF. Grafting
with Fe and Zr increased the zeta potential and zero point of charge (ZPC) of LF (from pH 3.9
to 7.4 for Fe-grafting and to 7.6 for Zr grafting), due to chemical bonding of the metals,
possibly with the hydroxyl and carboxylic groups in LF as indicated in the FTIR pattern of
peaks. Zeta potential and ZPC decreased after As adsorption owing to inner-sphere
complexation mechanism of adsorption. The adsorption capacities of the grafted materials
(2.55-2.89 mg g!) are higher than many of the other bioadsorbents. The Fe- and Zr-grafted
LF are very promising cost-effective, and environmentally friendly bioadsorbents for the

removal of As(V) from contaminated drinking water.

Supplementary data

Supplementary data to this article can be found online.
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