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ABSTRACT

Azolla pinnata (AP), a common water fern found in rice fields in Asia and cultivated for bio-
logical nitrogen fixation, was studied as a potential adsorbent for the removal of malachite
green in a batch adsorption system. The batch adsorption studies, involving unmodified AP
(UAP) and two chemically modified AP—H;POy-treated AP (PAP) and NaOH-treated AP
(NAP)—included the effects of adsorbent dosage, pH, ionic strength, contact time, thermo-
dynamics and kinetics studies, estimation of activation energy and regeneration experi-
ments. Three isotherm models namely the Langmuir, Freundlich and Dubinin-
Radushkevich models were used and the Langmuir model best represented all the three
adsorption systems with maximum adsorption capacity (g,,) of UAP, PAP and NAP at
25°C, to be at 87.0, 292.1 and 109.6 mg g ', respectively. The kinetics modelling included the
pseudo-first-order, pseudo-second-order, Weber-Morris intraparticle diffusion and the Boyd
models. Thermodynamic studies showed that all the three adsorption systems are endother-
mic and spontaneous in nature. All three adsorbents were regenerated with 0.1 mol L™"
NaOH and were effective even after five cycles.

Keywords: Malachite green dye; Azolla pinnata; Adsorption isotherm; Chemically modified

adsorbent; Kinetics; Thermodynamics

1. Introduction

Synthetic dyes have become irreplaceable in the
modern lifestyle. Their applications range from dyeing
textiles, printing and process of tanning and dyeing
leather to food colouring agents. Point pollution
caused by discharging dye wastewater to open water
bodies leads to the destruction of aquatic ecosystems
and often contamination of food web. One of the sig-
nificant reasons is the destruction of aesthetic values
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due to the high extinction coefficient of dyes where
their vibrant colours can be observed even at low con-
centrations of dye. This reduces sunlight penetration
into the water, thereby reducing photosynthetic activi-
ties of aquatic plant and algae leading to the reduction
of dissolved oxygen levels.

This study investigates a hazardous water-soluble
dye, malachite green (MG), belonging to the triphenyl-
methane family, and is widely used to dye wool,
leather, silk and cotton [1]. Apart from colouring pur-
poses, MG is also widely used in aquaculture and ani-
mal feeds mainly for its antifungal, antiparasitic and
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antiseptic properties [2,3]. The toxic MG residues can
also be bio-accumulated in fish and aquatic fauna
resulting in transfer of pollutants higher up the food
chain [2]. Animal testing on fish (Ictalurus punctatus)
reported a LCsy at 0.14 mg L' [4]. MG is also a sus-
pected human reproductive toxicant and a severe eye
irritant [4].

Many textile processing industries are located in
rural areas where drainage of dyes to municipal
sewerage treatment increases the costs of wastewater
treatment [5]. This is because municipal sewerage sys-
tems utilise an aerobic treatment process, which is
dependent on biological processes, and have been
proven inefficient to treat dye wastewater [6].

There are many effective dye wastewater treatment
methods that have been innovated and improved
upon over the years. Some of these methods include
the uses of reducing or oxidising agents, ozonation,
Fenton'’s reagent, electrochemical oxidation [7], reverse
osmosis, ion exchange [8] and adsorption. The advan-
tages and disadvantages of these methods are widely
discussed in literature [9-12].

Adsorption is one of the preferred methods for
wastewater treatment due to its simple design, where
semi-skilled workers can learn to effectively treat the
dye wastewater without needing to possess advanced
knowledge. The choice of adsorbents ranges from low-
cost materials such as agriculture wastes e.g. walnut
shells [13], egg shell [14,15], hen feather [1,16-18], soya
waste [19], bottom ash [20], plant fibre [21] and fruit
wastes [22-25], and soil materials such as peat [26], to
more expensive options such as activated carbon. The
use of low-cost adsorbents can increase the affordabil-
ity of small industries to treat the wastewater.

This research work aims to investigate the use of a
species of water fern, Azolla pinnata (AP), as a poten-
tial adsorbent for the removal of MG. AP has been
used in many Asian countries as green manure to fer-
tilise paddy fields, as animal feed, and is widely avail-
able in many other countries [27]. AP is invasive and
known to cover water bodies within a short duration
of time. AP carries a symbiotic nitrogen-fixing
cyanobacterium Anaebaena azollae that fixes nitrogen
from the atmosphere which meet the nitrogen require-
ments for growth and reproduction of the host. The
abundance and availability of AP are two of the rea-
sons that AP is the adsorbent of choice for this study.
Azolla was reported to contain lignocellulosic materials
[27], which is a known precursor that can be chemi-
cally modified to remediate water [28]. Many studies
on AP were carried out with living samples by phy-
toremediation method for the removal of heavy metal
pollutants such as Hg, Cd, Zn and Pb [29,30], while
limited adsorption studies have been reported using
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non-living AP samples for the removal of pollutants
such as Cd [31] and methyl violet 2B [32].

The objectives of this study are to evaluate the
ability of unmodified and chemical-modified AP in
the removal of toxic MG based on parameters such as
adsorbent dosage, contact time, dye concentration, pH
and ionic strength. Phosphoric acid treatment of
adsorbent has been known to impregnate phosphate
groups to adsorbent’s surface [33], while modification
with NaOH removed natural fats, waxes and low-
molecular weight lignin compounds from the adsor-
bent’s surface, exposing chemical-reactive functional
groups, such as the hydroxyl groups [34]. The study
was substantiated with thermodynamics, kinetics and
regeneration experiments.

2. Materials and methods
2.1. Preparation of stock solution

MG oxalate (C23H25N2'C2HO4'0.5C2H204, Mr 46350)
of 90% dye content was purchased from Sigma Aldrich
Corporation. A stock solution of MG (1,000 mg L™") was
prepared and desired concentrations were obtained by a
process of serial dilution. All chemicals were used as
received.

2.2. Preparation of adsorbents

A batch of AP was obtained from the Agriculture
Department, Ministry of Industrial and Primary
Resources, Brunei Darussalam. It was washed with
distilled water and oven-dried at 70°C until a constant
weight was obtained. The dried samples were ground
to fine powder and sieved to particle size of less than
355 um and stored in a desiccator. This unmodified
AP was labelled as UAP.

The phosphoric acid-treated AP (PAP) was
prepared by adding 20 g of UAP to 200 mL of 85%
ortho-phosphoric acid (analysis grade, Merck), shaken
in an orbital shaker for 2h and left to incubate at
room temperature for 48 h. PAP was repeatedly
washed with 0.05 mol L™! NaHCO; to neutralise the
excess acid, followed by washing with distilled water
until the pH was near neutral.

The NaOH-modified AP (NAP) was prepared
according to the procedures used by Chieng et al. and
with some modifications [35]. Briefly, 20 g of UAP
was mixed with 200 mL of 0.5mol L' NaOH and
shaken in an orbital shaker for 30 min. The modified
sample was subjected to 4% (v/v) acetic acid washing
to remove excess base, followed by washing with
distilled water until the pH was near neutral.



14634

2.3. Characterisation of adsorbents

Elemental analyses were done by X-ray fluorescence
(XRF) spectrophotometer (PANalytical Axios™*). FTIR
spectra of the adsorbents were obtained by using a Shi-
madzu Model IRPrestige-21 FTIR spectrophotometer.

The point of zero charge (pHg,.) of the adsorbents
was determined by the salt addition method using
0.1 mol L™' KNOs solutions [36]. Aliquots of 20 mL
KNO; solutions were adjusted to initial pH values
varying between 2.5 and 10.0 with 0.1 mol L™' HNO;
and 0.1 mol L™' NaOH. The pH was measured using
Thermo Scientific Orion 2 Star pH Benchtop. Precise
quantity of 0.03 g of adsorbent was then added to
each aliquot of KNOj; and agitated for 24 h at 250 rpm
using a Stuart orbital shaker, and the final pH was
measured. The ApH (final pH — initial pH) vs. initial
pH was plotted to determine the pH,,. (plot not
shown for brevity).

2.4. Batch adsorption studies

The batch adsorption studies were carried out by
agitating 0.03 g of adsorbent with 20 mL of known
concentration of MG in 150 mL Erlenmeyer flasks
using a Stuart orbital shaker set at an agitation speed
of 250 rpm. Mixtures were agitated for 150 min unless
otherwise stated. Batch adsorption studies including
the effects of dosage (0.01-0.06g), contact time
(5-240 min), initial concentration C; (20-600 mg LY,
pH (3.1-6.5), temperature (ambient, 35, 45, 55 and
65°C) and ionic strength (0-0.80 mol L™") were investi-
gated. The mixture was filtered and the filtrate was
analysed using a Shimadzu UV-1601PC UV-visible
spectrophotometer at wavelength, Amax, of 618 nm.
Duplicates were carried out for all experiments.

2.5. Error analysis

The values of the coefficient of determination (R*)
were used for the determination of the isotherm and
kinetics models that best fit the experimental data.
The data were further reinforced with four error func-
tions: sum of absolute error (EABS), Chi-square test
(), average relative error (ARE) and Marquardt’s per-
cent standard deviation (MPSD). Smallest error value
indicates the least error [37].

The equations of the four types of error functions
were represented as followed:

EABS : Z|L]e.exp - Qeﬁcal| ™

i=1
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where g, .y, is the amount of adsorbate in adsorbent at
equilibrium obtained experimentally while g, ., is the
calculated value of g, using formula of isotherm or
kinetic models, n is the total number of data points in
the experiment and p is the number of parameters of
the model.

2.6. Regeneration studies

The regeneration capability of the adsorbents was
studied using three different solvents namely distilled
water, 0.1 mol L™! HNO; and 0.1 mol L' NaOH,
according to methods previously described by Dahri
et al. [13]. Briefly, MG-treated adsorbents were
obtained by adding the adsorbent to 100 mg L™' MG
at the adsorbent dosage of 0.15g in 100 mL dye.
Desorption of the dye from MG-treated adsorbent was
achieved by continuous agitation of the dye-treated
adsorbent in solvent for 30 min followed by washing
several times with distilled water until no further des-
orption of the dye is visible. The acid and basic wash-
ing was continued until the pH of the washed
solution approached neutral. The washed adsorbent
was dried on a petri dish in an oven at 70°C to be
used for the next cycle. Regeneration experiment was
carried out for five cycles.

3. Results and discussion
3.1. Characterisations of adsorbents
3.1.1. XRF analysis

The XRF elemental analyses of the adsorbents,
before and after dye treatment, are summarised in
Table 1. By comparing the adsorbents before dye treat-
ment, PAP displayed a higher amount of elemental P
at 3.5% as compared to UAP (2.5%) and NAP (1.0%).
This confirmed the loading of phosphate group into
the modified adsorbent. The increase of O in PAP
(36.4%) and NAP (34.4%) from 28.5% may hint the
possibility of the adsorbent’s surface to contain more
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Table 1
XRF elemental analyses of adsorbents before and after dye treatment

Normalised percentage (%)

Element UAP UAP-MG PAP PAP-MG NAP NAP-MG
Al 0.5 0.4 0.4 0.5 0.6 0.4
Mn 0.5 0.3 0.2 0.3 0.9 0.2
Si 1.2 1.8 3.4 3.8 2.6 1.9
P 2.5 1.1 3.5 12 1.0 0.8
S 3.6 2.7 5.3 6.2 3.2 3.9
Mg 3.7 1.1 0.7 0.2 5.6 1.6
Na 4.4 ND 209 2.8 4.4 0.3
Cl 8.7 0.8 0.9 0.7 0.2 0.8
Fe 6.6 424 27.3 44.7 26.8 40.3
Ca 12.3 15.3 0.7 2.3 18.9 15.7
K 14.4 0.2 0.2 0.4 1.4 0.1
O 28.5 33.2 36.4 36.9 34.4 34.1

Note: ND—not detected.

OH or COOH groups. The high Na content (20.9%) of
PAP could be a result from the rinsing using
NaHCO;. Upon dye treatments, all adsorbents showed
a decrease of Na to low levels. The reduction of Na
was observed in other biomass adsorbents used in the
removal of basic dyes [38—40]. Chieng et al. suggested
the possibility of cationic MG molecules which may
replace Na* during the adsorption process [35].

3.1.2. FTIR analysis

The FTIR spectrum of UAP shows the presence of
functional groups: O-H and amine groups
(3,360 cm™"), C-H stretch (2,918 and 2,851 cm ™), C=0
bending (1,649 cm™"), phenyl (1,442 cm™") and C-O-C
(1,029 cm™"). These functional groups are also present
in PAP and NAP, with some slight shifts of bands e.g.
for PAP, the C=0 and C-O-C bands shifted to 1,651
and 1,026 cm™!, while for NAP, these bands were
shifted to 1,641 and 1,030 cm ™', respectively. After dye
treatment, shifts were observed for O-H, amine and
C-O-C bands, which indicate the possibilities of these
groups playing a role in the adsorption of MG. FTIR
spectra of all the three dye-treated adsorbents showed
additional bands of -COO™ anti-symmetric stretching
at 1,585 Cmfl, -COO" symmetric stretching (1,369-
1,370cm™) and C-N stretching of MG (1,159-
1,170 cm™Y). These new bands confirm the loading of
MG dye onto the adsorbents, and suggest -COO™ may
be involved in the interaction with MG molecules [41].

3.2. Effect of adsorbent dosage

The effect of adsorbent dosage for UAP and NAP
was conducted at a dye concentration of 100 mg L™,

while 400 mg L™ MG was used for PAP. This is
because the concentration at 100 mg L™ dye is insuffi-
cient for PAP due to its higher adsorption capacity,
where the adsorbent dosage of 0.02-0.06 g resulted in
high dye removal >97%. A gradual increase in the
percentage removal of MG was observed as the
dosage increased. Adsorbent dosage beyond 0.03 g
resulted in a small increase in MG removal, while the
dosage of 0.03 g was effectively high enough for dye
removal; thus, this dosage was used for the rest of the
experiments for all the three adsorbents.

3.3. Effects of pH and ionic strength

The three major attraction forces responsible for
the adsorption of dye are electrostatic interaction,
hydrophobic-hydrophobic interaction and hydrogen
bonding [42,43]. The study of the effect of pH is
important as electrostatic iteraction is mainly affected
by pH (protonation and deprotonation of surface
functional groups), while the ionic strength can sup-
press electrostatic interaction and enhance hydropho-
bic-hydrophobic interaction [42,43].

Preliminary investigation of the effect of pH on the
dye (without addition of adsorbent) was carried out in
our previous work [13]. These data were useful to find
the range of pH suitable for the study of adsorption
activity of MG, as well as avoiding pH ranges that
could lead to error. Briefly, major decolourisation of
MG was found to occur at pH =8 due to alkaline
fading, and at pH <2.0 due to formation of MG-H?**
species, while at pH 7, 20% reduction in colour inten-
sity was observed [13,44]. Therefore, the adsorption
study on the effect of pH experiment was limited to a
pH range from 3.0 to 6.5.
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The effect of pH on adsorption studies of MG is
summarised in Fig. 1(A). The effect of pH for all the
three adsorbents was conducted at a dye concentration
of 100 mg L™". The unadjusted pH of 100 mg L™ MG
was at 3.8. UAP and PAP exhibited a gradual increase
of dye uptake until a maximum before the adsorption
decreases, while NAP exhibited increase in dye
removal with increasing pH without any decrease in
adsorption beyond pH 5.0. The optimum pH for dye
uptake for UAP, PAP and NAP were at 5.0, 5.0 and
5.9, respectively. However, it was observed that dye
adsorption for UAP and NAP at unadjusted pH (g, at
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Fig. 1. (A) Effects of pH with C; at 100 mg L' for UAP
and NAP, and 400 mg L™! for PAP, and the effect of ionic
strength at various concentrations of (B) KNO; and (C)
NaCl, on the removal of 100 mg L' MG for all three
adsorbents, at dosage of 0.03 g adsorbent in 20 mL dye.
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60.5 and 89.2 mgg~', respectively) was comparable
with the optimum pH (g, at 64.6 and 944 mgg ).
Hence, it was decided that unadjusted pH is more
economical and was thus applied to the rest of the
experiment involving UAP and NAP, whereas for
PAP all experiments were conducted at pH 5.0.

The point of zero charge (pHy,.) is the pH where
the net charge on the adsorbent surface is zero. The
pHp.c of UAP, PAP and NAP at adsorbent dosage of
0.03 g/20 mL dye was 5.3, 5.9 and 6.6, respectively. By
the concept of pH,,., the surface of the adsorbent will
be predominantly negatively charged when solution
pH > pH,,,, while net positive charge obtained when
solution pH < pHp,.. As the MG molecules are catio-
nic below pH of 6.9 (pK, 6.9), the dye molecules
should engage in electrostatic repulsion with predomi-
nant positively charged adsorbent surface if the
pH < pHp,c and should result in a decrease of dye
adsorption. However, this was not observed for all the
three adsorbents. As described above, the dye adsorp-
tion of NAP increased very slightly as pH increased
from 3.0 to 6.5, while UAP and PAP exhibited an
increase in dye adsorption with increasing pH, but it
decreased when pH > pHp,. (Fig. 1(A)). The disagree-
ment of the experimental data with pHp,. concept
merely indicated that the adsorption of MG by these
adsorbents is not purely by electrostatic attraction,
while the hydrophobic-hydrophobic interaction and
hydrogen bonding may be significantly dominant.
Similar observations were reported by Al-Degs et al.
[43].

The effect of ionic strength was studied under vari-
ous concentrations of KNO3; and NaCl salt solutions
with dye concentration of 100 mg L™" and the result is
summarised in Fig. 1(B) and (C). As salt concentration
is directly proportionally to ionic strength, an increase
in salt concentration will increase the ionic strength of
the solution. All the three adsorbents showed some
decrease in dye adsorption as the ionic strength
increases. From no addition of salt to 0.8 mol L™ salt
solution, UAP, PAP and NAP displayed 14.4, 35.4 and
25.0% reduction in dye adsorption in KNOj5 solution,
whereas for NaCl solution displayed a reduction of
7.1, 40.9 and 26.1%, respectively. As reported by Hu
et al., cationic dye adsorption decreases when there is
an increase in ionic strength, while the reverse is
observed for anionic dye [42], which is in full agree-
ment with our data as shown in Fig. 1(B) and (C). The
reduction of g, is due to the suppression of electro-
static interaction as high concentrations of Na™ and K*
compete with MG molecules for the adsorption sites
on the adsorbent’s surface [42,45]. The reduction in
adsorption at high salt content may hint the amount
of dye interaction occurred via electrostatic attraction.
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This feature of unmodified and chemical-modified AP
to maintain high adsorption despite high salt
concentration is also advantageous in situations such
as the treatment of textile dye effluents or dye-con-
taminated fish wastewater, where the salt content can
be high.

3.4. Effect of contact time and kinetics modelling

Determination of the contact time is essential in
adsorption studies as it ensures that the equilibrium
of the adsorbent-dye system is attained. The effects of
contact time are summarised in Fig. 2. All plots exhibit
similar behaviour where the dye uptake was high at
the early stage of the adsorption and slowing down to
almost a plateau at the end. The rapid dye uptake at
the initial stage is due to the availability of vacant
sites at the beginning of the adsorption process which
gradually become scarce over time [46]. An agitation
time of 180 min was deemed sufficient for all three
adsorbent-dye systems to reach equilibrium, as little
variation was observed beyond that time, and thus all
experiments was agitated for 180 min.

To model the adsorption process, the experimental
data were fitted to the following kinetics models: the
pseudo-first-order [47], pseudo-second-order [48],
Weber-Morris intraparticle diffusion [49] and Boyd
[50] kinetics models.

The pseudo-first-order equation is an approximate
solution to first-order rate mechanism, and it is com-
monly used for modelling sorption process in liquid-
solid system based on the capacity of the solid [51].
The equation of the pseudo-first-order is expressed as:

t
log(qe — q:) = log g — mkl ®)

where g; is the amount of adsorbate adsorbed per
gram of adsorbent (mgg ') at time t, k; is the
pseudo-first-order rate constant (min~') and t is the
time shaken (min).

The pseudo-second-order is a chemisorption kinet-
ics model which assumes the adsorption reaction on
adsorbent surface is the rate-limiting step. Hence, the
adsorption process followed rate law of a second-
order kinetics with respect to the availability of
adsorption sites on the adsorbent’s surface instead of
adsorbate concentration in bulk solution [52]. The
equation is expressed as:

t 1 t

a:lﬁ_kz+i 6)
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Fig. 2. Effect of contact time carried out at C; 100, 200, 300
and 400 mg L™" for adsorbent (A) UAP, (B) PAP and (C)
NAP.

where k, is rate constant

(g mg ' min7).

pseudo-second-order
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The parameters of the pseudo-first-order and
pseudo-second-order were calculated from the linear
plot of In(g. — g0 vs. t, and t/q; vs. t respectively, and
are summarised in Table 2 and Fig. 3(A)—~(C) (pseudo-
first-order plots not shown for brevity). The values of
the coefficient of determination, R?, of pseudo-second-
order are much closer to 1.0 than the pseudo-first-
order for all the three adsorbents. Error functions x?,
EABS, ARE and MSDP of the pseudo-second-order for
all the three adsorbents were much lower than the
pseudo-first-order, where smaller values indicate
smaller error. Lastly, by comparing the experiment g,
(qeexp) to the calculated g. (4.c.), where both values
were much closer for pseudo-second-order than
pseudo-first-order. Thus by considering the R>, error
functions and the comparison of gex, and gecq, it is
concluded that the pseudo-second-order best
represented the adsorption process of all the three
adsorbents.

Table 2
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To investigate diffusion mechanism, the Weber—
Morris intraparticle diffusion and Boyd models were
employed, as the two previous kinetics models were
not applicable.

The Weber-Morris intraparticle diffusion model is
expressed:

qt = k3t1/2 +C )
where k3 is the intraparticle diffusion rate constant
(mg g ' min /%) and C is the intercept that represents
the thickness of the boundary layer. These parameters
were obtained from the linear plot of g; vs. t'/%.
Generally, intraparticle diffusion model are
divided into three phases. The first phase is the fast
external surface adsorption, followed by intraparticle
diffusion phase and the slow equilibrium phase of
remaining [53,54]. The Weber-Morris plots are shown

Summary of all the parameters of various kinetics models of all three adsorbents

Pseudo-first-order model

Adsorbent UAP PAP NAP

C; (mgL™ 100 200 300 400 100 200 300 400 100 200 300 400
Geca (mgg™") 357 50.0 47.6 46.5 11.7 60.5 51.3 130.6  60.6 93.0 91.5 86.3
Jeerp (mg g™ 51.3 77.6 84.4 97.8 70.0 136.7  195.0 2442 614 95.3 1089  127.6
kq 0.025 0.016 0.014 0015 0030 0.032 0019 0.014 0.030 0.022 0.024 0.015
rR? 0929 0954 0882 0939 0882 0880 0731 0987 0930 0908 0.876  0.942
7 88 173 272 407 544 568 1,228 828 15 23 64 259
EABS 191 322 433 592 619 841 1474 1234 54 72 195 488
ARE 42 51 58 64 75 57 71 57 14 14 26 50
MSDP 53 63 71 78 98 76 93 77 24 27 38 62
Pseudo-second-order model

Geca (Mg g™ 54.3 82.7 87.1 101.7 707 140.1  199.8 2535  66.1 106.8 1204  137.8
Jeerp (mg g ) 513 77.6 84.4 97.8 70.0 136.7 1950 2442 614 95.3 108.9  127.6
ky 0.0013 0.0006 0.0008 0.0008 0.0071 0.0013 0.0009 0.0003 0.0009 0.0003 0.0004 0.0003
rR? 1.000 0997 0995 0998 1.000 1.000 1.000 0998 0999 0993  0.996  0.995
7 25 3 5 6 32 6 2 23 30 8 3 5
EABS 87 31 46 43 72 61 45 87 108 49 34 47
ARE 19 6 6 6 11 5 2 5 20 9 5 6
MSDP 26 10 9 10 28 8 4 15 26 15 9 10
Weber—-Morris intraparticle diffusion model®

ks 5.2 7.3 7.9 7.1 8.5 10.7 222 17.9 6.4 6.5 12.6 14.9
C 7.5 7.3 13.5 26.6 25.4 58.6 46.9 64.8 5.4 12.3 -0.7 -2.5
rR? 0977 0953  0.800 0.883 0941 0.841 0961 0852 0964 0931 0979  0.982
Boyd model®

Slope 0.020 0.016 0.018 0015 0073 0.050 0.041 0.015 0.019 0.016 0.018 0.018
Y-Intercept 0.047 -0.107 -0.025 0.246 0384 0072 0057 0.103 -0.073 -0242 -0.176 —0.192
rR? 0978 0995 098 0939 0949 0954 0990 0988 0983 098 0977 0987

“Represented the calculated parameters derived from the first linear region.
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Fig. 3. Pseudo-second-order plots of (A) UAP, (B) PAP and (C) NAP and the Weber-Morris plots of (D) UAP, (E) PAP,

and (F) NAP.

in Fig. 3(D)-(F), where the plots exhibit multilinearity.
The fast adsorption phase was completed within
5min and was not observed in the plot. This beha-
viour was reported in other research works [53,54].
The first linear region in the Weber-Morris plots

represented the intraparticle diffusion phase, while the
second region represented the slow equilibrium phase.

According to the Weber-Morris intraparticle diffu-
sion model, if the linear plot crosses the origin, then
the intraparticle diffusion phase is the rate-limiting
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phase. As the C for all the three adsorbent—dye sys-
tems are non-zero, the data indicate that intraparticle
diffusion is not the rate-limiting step for all the three
dye-adsorbent systems, and other mechanisms may
be involved.

The Boyd model is typically expressed as:

By = —0.4977 —In(1 — F) ®)

where F is equivalent to ¢;/q, which represents the
fraction of adsorbate adsorbed at different times, and
B; is mathematical function of F.

According to the Boyd model, if the linear plot of
B; vs. t (plot not showed for brevity) crossed the ori-
gin, then the diffusion process is controlled by particle
diffusion, and if the plot intersect is non-origin then it
is film diffusion [55]. Film diffusion is the transfer of
adsorbates to the external surface of the adsorbent
particles, while particle diffusion is the transfer of
adsorbates into the pores of the adsorbents. As seen in
Table 2, all the adsorbents displayed non-zero inter-
sections thus suggesting that the rate-limiting step for
all three adsorbents may be controlled by film
diffusion.

3.5. Effect of concentration and isotherm modelling

The effect of C; under different temperatures is
summarised in Fig. 4. For UAP and NAP, the dye
uptake increased with increasing concentration. This
behaviour can be explained with the higher driving
force resulted from higher C; that drive the dye mole-
cules deeper into the micro-pores of the adsorbents
[46]. However, when the C; is beyond 200 mg L7} the
adsorption varied slightly. This is due to the adsor-
bent reaching the maximum capacity of dye uptake.
For PAP, the upward trend of the dye adsorption with
increasing concentration is due to higher dye uptake
capacity. For all the three adsorbents, higher tempera-
ture only slightly improves the dye uptake.

The adsorption process was described with three
adsorption isotherm models: Langmuir [56], Fre-
undlich [57] and Dubinin-Radushkevich (D-R) [58].

The Langmuir model assumes homogeneous
adsorption resulting in monolayer, where no further
adsorption can occur when a site is occupied with
adsorbate. The equation is expressed as:

C. 1 +Ce

_ & ©)
e KL‘]m Im
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Fig. 4 Effect of concentration for (A) UAP, (B) PAP and (C)
NAP, under different temperatures.

where g, is the maximum monolayer adsorption
capacity of the adsorbent (mg g™'), and Ky is the Lang-
muir adsorption constant (L mg ') which is related to
the free energy of adsorption.

The separation factor (Rp) is a dimensionless
constant which is an essential characteristic of the
Langmuir model. The equation of Ry is expressed as:
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1

R =—m
PO HKG)

(10)

where C, (mg L™") is the highest initial dye concentra-
tion. R; indicates if the isotherm is unfavourable
(Ry. > 1), linear (R = 1), favourable (0 < Ry < 1) or irre-
versible (Ry, = 0).

The Freundlich isotherm model assumes multilay-
ers adsorption, where further adsorption is possible
on the adsorbate-saturated adsorbent’s surface. The
equation is expressed as:

In qe:i In C, + In K¢ (11)
ng

where K (mg' /" L'/" g™1) is the adsorption capacity

of the adsorbent and ng (Freundlich constant) indicates
the favourability of the adsorption process. The
adsorption process is considered favourable if
1 <ng<10.

The D-R isotherm is similar to the Langmuir
model, however it does not assume homogenous sur-
face and is temperature-dependent. The equation is as
followed:

Ing,=Ing, — Kpré? (12)
where g, is the saturation capacity (mg g "), Kpg is a
D-R constant (mol?k]J™?), and is the D-R isotherm
constant.

The D-R isotherm constant, ¢, is expressed as:

1
e¢=RT In [1 + Ej (13)

where R is the gas constant (8.314 x 107 kJ mol ' K™)
and T is temperature (K).

The mean free energy, E (k] mol™"), of the sorption
per molecule of adsorbate is obtained from Kpg, and
the equation is expressed as:

1

E =
v/2Kpr

(14)

The parameters for the Langmuir, Freundlich and
D-R isotherm models were obtained through the lin-
ear plots of C./g, vs. C,, Ingq, vs. In C,, and In g, vs. &,
respectively, and are summarised in Table 3. The R?
values for the Langmuir model is the highest com-
pared to the Freundlich and D-R isotherm models.
Generally, the values of the error analysis functions
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(Xz, EABS, ARE and MSDP) of the Langmuir model
were also the lowest, indicating the least error. There-
fore, the experimental data are best represented by the
Langmuir model.

The values of R;, of all the adsorbents for all the
temperatures are between 0 and 1. This indicates the
adsorption process between the adsorbents and MG is
favourable. The lower values of K¢ of Freundlich iso-
therm and g, of D-R isotherm are due to experiment
data being less fitted to these models.

Among the AP samples, PAP displayed the highest
Gm at 292.1 mg g~ ' at 25°C, followed by NAP and UAP
at 109.6 and 87.0 mg g~ !, respectively. The comparison
of g, with other reported adsorbents for removal of
MG is summarised in Table 4. PAP is a much better
adsorbent than many studied samples, while NAP
and UAP are average in the list.

3.6. Thermodynamics studies

The thermodynamics studies for the adsorption
process were investigated at temperatures ranging
from 25 to 65°C. The thermodynamics parameters
were obtained with the following equations:

AG°® = AH® — TAS® (15)
AG®° = —RT In k (16)
Cs
k== 17
c. (17)
AS°  AH°
In K= R " RT (18)

where AG® is the Gibbs-free energy, AH"® is the change
in enthalpy, AS° is the change in entropy, T is the tem-
perature (K), k is the distribution coefficient for
adsorption, Cs is the concentration of dye adsorbed by
the adsorbent at equilibrium (mgL™"), C, is the con-
centration of dye remains in solution at equilibrium
(mg L"), R is the gas constant (J mol™' K™") and T is
the temperature (K).

The thermodynamics parameters are calculated
from the linear plot of In k vs. T~'. Increasing tempera-
ture resulted in the Gibbs energy becoming less posi-
tive for all three adsorbent-MG systems. This
behaviour indicates the improvement of spontaneity
of the MG adsorption system with increasing tempera-
ture [64]. The AH® of UAP, PAP and NAP are 9.6, 19.2
and 30.0 k] mol ™, respectively. The positive values of
AH”® indicated that the reactions of these dye-adsor-
bent systems are endothermic. The AS® of UAP, PAP
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Table 3

Parameters of various isotherm models for UAP and chemical-modified adsorbents

M.R.R. Kooh et al. | Desalination and Water Treatment 57 (2016) 14632-14646

Langmuir isotherm

UAP PAP NAP
T(CC 25 35 45 55 65 25 35 45 55 65 25 35 45 55 65
Gm 870 886 943 978 973 2921 2940 2943 2957 2981 109.6 1238 138.6 1369 140.3
K, 0.165 0.158 0.345 0203 0.256 0.125 0.149 0.132 0.136 0.126 0.142 0.109 0.181 0.235 0.321
Ry 0.010 0.010 0.005 0.009 0.006 0.013 0.011 0.012 0.012 0.013 0.012 0.014 0.009 0.007 0.005
R? 0998 0.996 0998 0.998 0.997 0.999 0.998 0.998 0993 0.996 0.997 0.988 0.996 1.000 1.000
Pa 7 13 9 19 10 12 21 37 42 46 5 35 19 6 7
EABS 43 54 52 62 58 67 105 140 170 160 40 114 84 35 52
ARE 10 16 10 17 12 11 14 18 18 22 8 22 15 8 10
MSDP 14 30 16 30 18 18 24 27 27 35 13 33 22 15 16
Freundlich isotherm
Kg 19.2 233 234 298 280 437 495 480 499 475 31.0 362 396 359 363
ng 328 3.81 3.65 443 437 248 252 255 261 250 436 454 431 395 3.86
R? 0.905 0.881 0.817 0928 0.817 0.905 0.839 0.796 0.810 0.790 0.907 0.876 0.859 0.838 0.825
Pa 36 25 27 12 170 75 108 129 112 53 13 19 28 37 10
EABS 133 113 115 74 216 283 326 351 322 181 73 92 130 138 76
ARE 21 22 20 13 56 24 29 32 30 25 12 15 19 22 10
MSDP 27 30 25 19 97 33 42 47 45 41 18 23 28 32 14
Dubinin-Radushkevich isotherm
Gm 635 677 783 76.1 85.7 2265 229.8 2451 247.7 2446 880 1039 1233 1252 1288
kpr 0421 0113 0241 0.135 0.627 0.868 0.682 0911 0.715 0.809 0.825 0.668 0.568 0.596 0.578
E 1.090 2106 1.441 1924 0893 0.759 0.857 0.741 0.836 0.786 0.779 0.865 0.938 0.916 0.930
R? 0.677 0.772 0810 0.740 0.894 0942 0944 0984 0969 0916 0.761 0.888 0966 0.979 0.972
Pa 77 88 46 64 170 78 40 16 22 53 41 23 9 30 10
EABS 195 187 151 181 216 241 211 122 139 181 149 108 76 122 76
ARE 35 35 28 29 56 15 18 9 12 25 24 16 10 18 10
MSDP 48 55 37 39 97 27 22 12 17 41 31 22 13 25 14

Table 4

Comparison of maximum adsorption capacity of various adsorbents under different conditions for the removal of MG

Adsorbent gm (mgg™") pH T ("C) Adsorbent dosage (g/100 mL dye) Refs.
Arunda donax root carbon 8.7 5 30 0.60 [59]
NaOH-modified rice husk 15.5 7 30 1.00 [34]
Caulerpa racemosa 29.9 Unadjusted 25 0.40 [60]

Corn cob 80.6 8 27 0.40 [61]

UAP 87.0 Unadjusted 25 0.15 This work
Activated carbon-CoFe,O4 composites 89.3 5 25 0.20 [62]
Walnut shell 90.8 Unadjusted 25 0.15 [13]

NAP 109.6 Unadjusted 25 0.15 This work
Pithophora sp. 117.6 5 30 0.10 [63]

Peat 143.7 Unadjusted 25 0.20 [26]
Breadnut peel 177 .4 Unadjusted 25 0.20 [35]

PAP 292.1 5 25 0.15 This work
NaOH-modified breadnut peel 353.0 Unadjusted 25 0.20 [35]
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and NAP are 34.1, 93.5 and 108.1 J mol ' K™/, respec-
tively, where the positive entropy indicates an increas-
ing in randomness of adsorbates in the solid-liquid
interface, resulted in desorption of water molecules
from the adsorbent’s surface [65].

The activation energy of the adsorption process
was investigated with the Arrhenius equation which
is expressed as:

E
Inky=In A—R—;

(19)
where k, is the pseudo-second-order rate constant
(g mg ' min™'), A is the Arrhenius factor, R is the gas
constant, T is temperature (K) and E, is the activation
energy (k] mol™).

The values of k, are obtained from kinetics experi-
ment of dye C; 100 mg L™ carried out at temperatures
25, 35, 45, 55 and 65°C. The Arrhenius plot is as
shown in Fig. 5. The E, is obtained from the linear
plot of Ink, vs. T_'. E, with values ranged from 5 to
40 kJ mol ™" may indicate physisorption-dominant pro-
cess, while 40 to 800 kJ mol ! indicates a predomi-
nantly chemisorption process [60]. The E, obtained
from UAP, PAP and NAP are 32.3, 58.7 and
34.1 kJ mol }, respectively. Therefore, UAP and NAP
may operate dominantly by physisorption, while PAP
may attribute more towards chemisorption.

3.7. Regeneration experiment

The distilled water and acid washing displayed
gradual reduction in adsorption capacities for all the
adsorbents with every proceeding cycle. NaOH

-2.0 1
-3.0

4.0

In k,

-5.0

-6.0 -

-7.0 T T T T i
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034

m UAP A PAP ¢ NAP TY(K")

Fig. 5. Arrhenius plot of the AP adsorbents in removal of
MG.

14643

washing led to a better adsorption capacity as
observed for UAP. This behaviour can be reasoned by
the removal of natural fats, waxes and low-molecular
weight lignin compounds from the surface of the
adsorbent by the base, leading to the exposure of
chemical-reactive functional groups, such as the
hydroxyl groups, which may be responsible for
removal of MG [34]. For PAP and NAP, the basic
wash did not regenerate the adsorption capacity to the
former level, unlike UAP. At the fifth cycle, the
removal capacities of UAP, PAP and NAP by basic
wash are at 44.1, 45.3 and 52.6 mg g, as compared to
the original level at 40.6, 683 and 585mgg |,
respectively.

4. Conclusions

The potential of AP and modified AP for the
removal of MG was studied in batch adsorption sys-
tem. PAP showed higher dye removal, followed by
NAP and UAP. Kinetics modelling suggested all the
three adsorbents are best represented by the pseudo-
second-order. The Weber-Morris model showed that
intraparticle diffusion is not the rate-limiting step for
all three MG-adsorbent systems, and the Boyd model
suggested that film diffusion may be the rate-limiting
step. The Langmuir isotherm best represented these
three adsorption systems, with g,, at 87.0, 292.1 and
109.6 mg g_l at 25°C for UAP, PAP and NAP, respec-
tively. Thermodynamics studies showed that all the
three adsorption systems are spontaneous and
endothermic. Estimation of activation energy by the
Arrhenius equation suggested UAP and NAP might
be operated by physisorption, while PAP might be
operated dominantly by chemisorption. Regeneration
experiment showed that 0.1 mol L™' NaOH is capable
of regenerating the adsorbent, and is effective even
after the fifth cycle.
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