¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2021.27893

243 (2021) 294-304
December

Carboxyl-modified lignocellulose biomass of Moringa oleifera pod husk
for effective removal of cationic dyes in single and binary dye systems

Khoiria Nur Atika Putri, Watchanida Chinpa*

Division of Physical Science, Faculty of Science, Prince of Songkla University, Hat Yai, Songkhla 90110, Thailand,

watchanida.c@psu.ac.th (W. Chinpa)

Received 20 June 2021; Accepted 15 October 2021

ABSTRACT

Value was added to an agricultural waste of Moringa oleifera pod husk (MOPH) by modifying
the biomass with maleic anhydride (MA) to produce a cellulose-based adsorbent (MA-MOPH)
that could remove crystal violet (CV) and methylene blue (MB) in single and binary dye systems.
The biosorbent was characterized by Fourier-transform infrared spectroscopy, X-ray diffractometry,
and thermogravimetric analysis. In single dye systems, the adsorption capacities of MA-MOPH were
378.50 mg g for CV and 545.36 mg g for MB. These values were obtained at 25°C, in solution at
pH 8, at 180 and 60 min for CV and MB, respectively. The adsorption capacity of MA-MOPH for
CV and MB was lower in the binary system due to competition between the two dyes. However,
its adsorption capacity was higher than other adsorbents used to extract CV and MB in single dye
systems. Overall, the adsorption process was well explained by the pseudo-second-order kinet-
ics model and Langmuir isotherm model. MA-MOPH retained a satisfactory adsorption capacity
in a repetitive adsorption process using the acetic acid solution as the desorbing agent. Therefore,
MA-MOPH could be used as an economical biosorbent for the simultaneous removal of cationic dyes

in water.
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1. Introduction

The cradle-to-cradle concept is currently being adopted
to overcome global pollution issues. This concept proposes
the application or modification of waste materials to achieve
an unlimited reuse that completely eliminates waste alto-
gether [1]. In various economic sectors, the application of
this concept could turn waste materials into valuable prod-
ucts or resources for further processes. The agricultural sec-
tor, for example, produces large amounts of crop residues
that are currently waste materials. If the cradle-to-cradle
concept were employed, crop residues could undergo mod-
ification to develop new products that would reduce the
waste produced.

* Corresponding author.

Moringa oleifera (MO) is a versatile plant widely cul-
tivated in tropical countries, including India, Sri Lanka,
Thailand, Malaysia and Philippines [2]. Its leaves, pods and
seeds contain a variety of essential phytochemicals that are
nutritionally and medically useful [3]. Oil is extracted from
the seeds and afterwards the Moringa oleifera pod husk
(MOPH) is discarded. However, MOPH has been developed
as a composite reinforcement material [4] and a biosorbent
to eliminate pollutants such as norfloxacin [5] and crystal
violet (CV) [6]. As an alternative biosorbent material MOPH
is cheap, renewable, and eco-friendly.

MOPH is lignocellulosic biomass mainly composed of
cellulose. It is very versatile and can be modified to increase
its adsorption efficiency. Cellulose possesses numerous
hydroxyl groups which could readily bind with cationic
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pollutants via hydrogen bonding, ion-dipole forces, or
electrostatic interaction [7-9]. Many studies have reported
that the adsorption capacity of cellulose-based biosorbents
increased after chemical modification [10-18]. Among the
modification methods used to increase the adsorption capac-
ity of cellulose-based materials, the introduction of car-
boxyl groups into the structure was effective because, once
deprotonated, these functional groups exhibited excellent
cation binding [18].

Maleic anhydride (MA) is a reagent used in cellu-
lose-based esterification and has been reported to enhance
the adsorption capacity of biosorbents toward cationic
dyes [10,12-15,18]. Using commercially sourced cellu-
lose modified with MA, Zhou et al. [13] prepared a bio-
sorbent with an adsorption capacity of 370 mg g toward
malachite green. Qiao et al. [14] reported that a carboxyl-
ate-functionalized cellulose nanocrystal, derived from cel-
lulose (99.5%) modified with MA, showed an adsorption
capacity toward crystal violet (CV) of 243.9 mg g™. More
recently, three highly effective adsorbents were prepared
from corn stalk (CS), Cinnamomum camphora leaf (CCL),
and Cinnamomum camphora sawdust (CCSD) with MA.
Their adsorption capacities toward methylene blue (MB)
were 870, 741, and 787 mg g™, respectively [18]. However,
most previous works did not study a mixed dye solution
that simulated industrial dye wastewater in the real world
where the potential exists for competitive adsorption
between dye ions. Therefore, the MA-modified MOPH pre-
sented in this study was used to remove CV and MB from
water in single and binary systems. This work attempts
to generate a high added-value product from agricultural
waste. The MA-modified MOPH (MA-MOPH) biosorbent
was studied using Fourier-transform infrared spectroscopy
(FTIR), X-ray diffractometry (XRD), and thermogravimet-
ric analysis (TGA) to determine chemical functionalities,
structure and thermal stability, respectively. The effects
of operating parameters, including pH, temperature, con-
tact time, and initial concentration, were studied for both
dyes. Adsorption kinetics and isotherms were investigated
to describe MB and CV adsorption mechanisms in both
the single and binary dye systems. The reusability of the
cationic dye-loaded biosorbent was also investigated.

2. Materials and methods
2.1. Materials

MOPH was collected from Moringa trees cultivated in
the southern region of Thailand. Maleic anhydride (MA)
and dimethylacetamide (DMAc) were purchased from Fluka
(Switzerland) and RCI Labscan (Thailand), respectively.
Methylene blue (MB) (MW: 319.85 g mol™, APS Chemical,
India) and crystal violet (CV) (MW: 407.98 g mol™, Loba
Chemie, India) were used as adsorbates. Other analytical
grade reagents such as sodium hydroxide (NaOH), hydro-
chloric acid (HCI), and acetone were supplied by RCI
Labscan (Thailand).

2.2. Preparation of MA-MOPH

The pretreatment of MOPH and preparation of MOPH
powder were carried out following the method described

by Keereerak and Chinpa [6]. The obtained MOPH pow-
der was modified by chemical reaction using the method
of Zhou et al. [13] with slight modification. MOPH and MA
were mixed in the ratio of 1:10 and heated at 55°C for 20 min
under continuous stirring. A volume of DMAc was added
that had a mass five times the mass of MA. The mixture
was reacted in a reflux system for 24 h at 150°C. MA-MOPH
powder was obtained after washing the final product with
DMAc, acetone and distilled water in that order. Lastly, the
washed MA-MOPH was oven-dried and stored in a desic-
cator until further use.

2.3. Biosorbent characterization

The chemical functionalities of MOPH and MA-MOPH
were investigated with the aid of FTIR (Equinox 55, Bruker,
Germany) using the potassium bromide (KBr) pellet method.
The spectrum produced by the sample-loaded KBr disks
was analyzed from 4,000 to 400 cm™.

The crystallinity index (Crl) of the biosorbent was
determined by X-ray diffractometer (X'Pert MPD, Philips,
Netherlands) and the Crl value was calculated using the
maximum intensity of the 002 lattice diffraction peak (I,,)
and the scattered intensity of the amorphous part (I ),
according to the following equation [19]:

Crl (%)= (Ifm_lm] x100 (1)
002

TGA (TGA 7, PerkinElmer, USA) was employed to
study the thermal degradation behavior of the biosorbent.
Measurement was carried out under N, at 30°C to 900°C,
ramping at 10°C min™.

The MA-MOPH point of zero charge (pH,,.) was deter-
mined using the method described by Jia et al. [20]. The
pH of the solution in contact with the biosorbent was var-
ied from 2 to 10 and these values were recorded as pH,
MA-MOPH was added to each solution and after 24 h, the
pH values of the solutions were recorded as pH.. The curve
of pH, vs. pH, was plotted and the point at which pH, was
equal to pH, was determined as the pH,,, .

2.4. Adsorption study

The optimum condition for CV and MB adsorption
on MA-MOPH was determined by varying the operating
parameters of pH, temperature, contact time, and adsor-
bate initial concentration. The effects on adsorption were
observed. pH was varied from 3-9, the temperature at 25°C,
35°C and 45°C, contact time from 5-360 min, and adsorbate
initial concentration from 40-750 mg L. In the single dye
system, 20 mL CV or MB solution was adsorbed on 0.005 g
of MA-MOPH under agitation at 60 rpm. All experiments
were carried out in at least three replications. The resid-
ual dye concentration after adsorption was measured by a
UV-Visible spectrometer (Lambda 25, PerkinElmer, USA). The
concentration of residual dye after adsorption was used to
calculate the adsorption capacity (7, mg g™) following Eq. (2):

C -C )V
q=7( =6 2)

m
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where C, C, and C, (mg L) were respectively the initial
liquid-phase dye concentration, and the liquid-phase con-
centrations of dye at time t and equilibrium; V (mL) was
the volume of the solution and m (g) was the weight of the
biosorbent.

In the binary dye system, MB and CV were mixed at a
volume ratio of 1:1 to obtain a total volume of 20 mL and
initial concentrations were designated in the range of 40
to 750 mg L. The dye mixture was adsorbed on 0.005 g
of MA-MOPH powder and residual dye concentrations
were determined by a UV-Visible spectrometer. This exper-
iment was performed at 25°C and pH 8. To subtract the
mutual interference of CV and MB in the binary solution,
absorbance at 588 nm for CV and 666 nm MB was calcu-
lated according to the following equations [21,22]:

Total _ ACV MB
ASSS - ASSB + A588 (3)
Total __ A CV MB
A666 - A666 + A666 (4)
cv gCV
666 __ 666 __
AV T e T K (5)
588 8588
MB MB
Asss _ Bses _ K (6)
AMB 8MB 2
666 666
ATotal K _ATotal
ACV 7588 "2 TT666 (7)

588 1—K1'K2

AMB — A6T:(fal — Kl i A:Srgstal (8)
666
1-K,-K,

where the total absorbance of mixture solutions of CV and
MB are denoted Asgg‘al and A7, respectively; ALY, AP,

A, and AMB are the absorbance of CV and MB at 588

ari()c(i 666 nrn.6 65)l"he terms e, e, € and g are the coef-
ficients of molar absorptivity of the dyes at both wave-
lengths. Meanwhile, K, and K, are the molar absorptivity
coefficient ratios. Finally, the residual concentrations of CV
and MB in the dye mixture were obtained from the val-
ues of AgY and A}P by using the standard curve method

[21,22].

2.5. Biosorbent reusability

The MA-MOPH sorbent was assessed for its ability to
repeatedly adsorb dye over a period of time. Firstly, 20 mL
of MB or CV at an initial concentration of 70 mg L at pH
8 were adsorbed on 0.005 g of MA-MOPH powder under
agitation for the optimum contact time for each dye. The
dye-loaded MA-MOPH powder was desorbed with 1.0 M
acetic acid until the solution was colorless. The powder
was then washed using distilled water and used again to
adsorb the same concentration of dye. This procedure was
repeated five times.

3. Results and discussion
3.1. Biosorbent characterization

The chemical functionalities of MA-MOPH were eluci-
dated using FTIR. Unmodified MOPH (Fig. 1a) contained
the native functional groups of lignocellulosic materials,
including hydroxyl groups (-OH) at 3,418 cm™, carbonyl
groups (—-C=0) at 1,737 cm™, and ether groups (-C-O)
assigned at 1,058 cm™ [23,24]. The peak located at 1,640 cm™
was attributed to adsorbed water [24]. A similar pattern
was also observed for MA-MOPH. However, the strong
peaks at 1,625 and 1,733 cm™ were assigned to the vinyl
(C=C) and carboxyl groups in the structure of MA [13].
Therefore, FTIR analysis confirmed that MOPH was suc-
cessfully modified with MA.

The XRD patterns of MOPH and MA-MOPH (Fig. 1b)
presented diffraction peaks at 20 around 16.1°, 22.0°, and
34.7°, which are characteristics of the crystal lattice struc-
ture of cellulose type I [25]. However, MA-MOPH pro-
duced less intense peaks than unmodified MOPH. The
crystallinity index decreased from 32% for MOPH to 21%
for MA-MOPH. This finding indicated that modification
with MA could alter the crystal structure of cellulose in
MOPH [12,14]. A similar result was reported for the mod-
ification of cellulose and cellulose nanocrystals with MA
[12,14].

The thermal degradation behavior of the MOPH-based
biosorbent was studied using TGA. The thermogram of
MA-MOPH and untreated MOPH indicated similar ther-
mal degradation behaviors (Fig. 1c). In both thermograms,
the initial degradation at ca. 38°C-120°C was related to
the loss of moisture from the material. The loss of weight
at 200°C-400°C was related to the decomposition of hemi-
cellulose and cellulose. The degradation of lignin was
observed at 200°C-700°C [26]. However, the initial ther-
mal decomposition temperature of MA-MOPH was lower
than that of MOPH and the thermal cleavage tempera-
ture around 300°C—400°C was higher than that of MOPH.
Similar findings were reported for cellulose nanocrystals
modified with MA and attributed to the abundant carboxyl
groups obtained through modification with MA [14].

The pH,,. of MA-MOPH was 4.1 (Fig. 1d). Thus, it was
hypothesized that, when the pH value is greater than pH,,,
the charge on the surface of MA-MOPH is predominantly
negative [27]. However, at pH values lower than pH,,,
the surface of MA-MOPH was mainly positively charged.
These findings helped later to explain the effect of solution
pH on the dye adsorption capacity of the sorbent.

The adsorption of CV at an initial concentration of
70 mg g on MA-MOPH was compared with adsorption
on unmodified MOPH and the results (Fig. 2a) demon-
strated that the efficiency of dye adsorption was signifi-
cantly higher on MA-MOPH. The adsorption efficiency of
MA-MOPH toward methyl red or direct yellow was also
investigated. The biosorbent hardly adsorbed either dye
(Fig. 2b). Since both are anionic dyes, this result could be
attributed to the similarity between the molecular charges
of MA-MOPH and the dyes, which induced electrostatic
repulsion. MB and CV were then used as dye pollutant
models for the adsorption study.
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Fig. 2. Adsorption efficiency of MOPH and MA-MOPH toward CV at C, of 70 mg g™ (a) and adsorption efficiency of MA-MOPH
toward different dyes at C of 10 mg g™ (b) (Condition: at natural dye solution pH, 25°C and a contact time of 2 h).

3.2. Effect of pH on adsorption

MA-MOPH consisted of carboxyl and hydroxyl groups.
The ionic properties of these two groups were influenced by
the pH value of the solution system. In this study, the dye
adsorption capacity (g) of MA-MOPH increased with incre-
ments of solution pH from pH 3 to 8 (Fig. 3a). The value of
g was higher in the basic condition than in the acidic con-
dition both for CV and for MB. At solution pH < pH,,.

(pH,,c = 4.1), the surface charge of MA-MOPH was pre-
sumed to be positive, in which condition the repulsion effect
increased since the dye molecules were similarly charged.
At solution pH > pH,,, ., the surface of MA-MOPH was neg-
atively charged, which was a very favorable condition to
generate electrostatic interaction with the positively charged
CV and MB dye molecules [7]. However, the slight decrease
in q values in the solution above pH 8 could be related to
hydroxyl moieties that could compete with the negative
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charges of MA-MOPH to interact with dye molecules [28].
In light of these observations, a solution pH of 8 was cho-
sen as the optimum operating parameter for the following
studies of CV and MB adsorption on MA-MOPH.

3.3. Effect of temperature on adsorption and adsorption
thermodynamics study

Changes in solution viscosity due to temperature is
known to affect the diffusion rate of an adsorbate through
the external boundary layer [29,30]. In this study, the adsorp-
tion capacity of MA-MOPH for CV and MB slightly increased
with increases in temperature (Fig. 3b). This result implied
that temperature had only a small effect on the adsorp-
tion capacity of MA-MOPH and, therefore, this biosorbent
may be able to eliminate cationic dyes in a wide range of
temperatures [29].

The adsorption of CV and MB on MA-MOPH at var-
ious temperatures was used to determine the thermody-
namic behavior of the adsorption process in the single dye
systems. The thermodynamic parameters of enthalpy (AH®)
and entropy (AS°) were calculated from plots of InK_ vs.
1/T based on Eq. (9) where Gibb’s free energy (AG°) was
obtained from Eq. (10):

_AS®AHP
“ R RT

InK

©)

AG°=-RTInK, (10)

where K_is the ratio between the dye equilibrium con-
centrations in the solid phase and in the solution phase
after adsorption, T is the absolute temperature (K) and R
is an ideal gas constant of 8.314 J mol™ K. All calculated
parameters are listed in Table 1.

The negative values of AG® indicated the spontaneity of
CV and MB adsorption on MA-MOPH and the more neg-
ative values of AG® signified that temperature elevation
was favorable for the adsorption reaction [31]. For both
dyes, the magnitude of AH®, which was positive, signified

Table 1
Thermodynamic parameters of CV and MB adsorption on MA-
MOPH

Dye  Temperature  AG° AH° AS°
(K) (kfmol™)  (kJmol™)  (J mol' K™)
298 —4.71 14.06 62.58
cv 308 —4.96
318 -5.98
298 -5.57 10.69 54.44
MB 308 -6.09
318 -6.66

the endothermic nature of the adsorption processes. Other
than that, the positive AS° values indicated the increased
disorder of the solid-liquid interfaces during the adsorp-
tion processes [27]. Similar results were reported in the
adsorption of CV and MB using N-maleyl chitosan cross-
linked P(AA-co-VPA) hydrogel [31] and treated lemongrass
leaf fiber [32], respectively.

3.4. Effect of contact time on adsorption

The optimal contact time for the adsorption of CV and
MB on MA-MOPH in both single and binary dye systems
was investigated from 5-360 min and determined by the
adsorption capacity. The uptake of both dyes was rapid from
5-30 min and slowed down at 60 min (Fig. 4a and b). Faster
CV and MB adsorption at the initial stage was related to
the vacancy of MA-MOPH active sites which enabled eas-
ier binding of dye molecules onto the MA-MOPH surface
at the beginning of the adsorption process. The rate of dye
uptake slowed as time elapsed and finally reached equilib-
rium in the single systems at 180 min for CV and 60 min
for MB. In the binary system, equilibrium was reached
at 180 min for both dyes. These times were determined as
the optimum contact times for adsorption of the respective
dyes in each system. The saturation state occurred after
active sites on the MA-MOPH biosorbent surface were
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(Condition: C; of 70 mg L, pH 8 at 25°C, S = Single system and B

occupied by adsorbed dye molecules. In the binary system,
the overall adsorption capacity of CV and MB was consid-
erably lower than it was in the single system. The disparity
could be related to competition between MB and CV mole-
cules for active sites of MA-MOPH in the binary system.

The possible mechanisms of MB and CV adsorption on
MA-MOPH in the single and binary systems were studied
by fitting with the pseudo-first-order and pseudo-second-
order kinetics models. The adsorption kinetics models were
fitted to experimental data collected at pH 8 and 25°C.

= Binary system).

Pseudo-first-order and the pseudo-second-order equa-
tions are described in Eqs. (11) and (12) [33,34], respectively:

ln(qg fqr)zlnqgfklt (11)

1
kq;

1
+—t

9.

t

q;

(12)



300 K.N.A. Putri, W. Chinpa / Desalination and Water Treatment 243 (2021) 294-304

where g, is the dye concentration at adsorption equilib-
rium, ¢, is the dye concentration at a specific time (t) and k,
is the pseudo-first-order rate constant (min™) while k, is the
pseudo-second-order constant (g mg™ min™).

On the whole, the pseudo-second-order had the best
fit for MB and CV adsorption processes in both the sin-
gle and binary dye systems (Figs. 4c—f). The R? value from
the pseudo-second-order, which was closest to 1 (Table 2),
indicated that this model best represented the MB and CV
adsorption mechanisms on MA-MOPH. Moreover, the cal-
culated g, values derived from the pseudo-second-order
fitting were similar to the experimental g, values (Table 2).
Thus, it was concluded that the adsorption process was
governed by the interaction between the opposite charges
present on the cationic dyes and available functional
groups of the biosorbent [35,36].

3.5. Effect of dye initial concentrations on adsorption

The adsorption of MB and CV on MA-MOPH in the
single and binary dye systems was investigated as a func-
tion of concentration by varying dye initial concentration
in a range of 40-750 mg L. A high concentration of dye
increased the driving force that transports dye molecules
from the solution to the biosorbent surface [13]. In this study,
adsorption capacity increased with increments of dye ini-
tial concentration from 40-200 mg L™ (Fig. 5a). However,
increases in the adsorption of MB and CV on MOPH were
insignificant at initial concentrations higher than 200 mg L.
The limited amount of unoccupied active sites at high con-
centrations of dye caused saturation of the biosorbent, lead-
ing to an equilibrium state of adsorption. Furthermore,
the g values were higher for MB than CV in both dye sys-
tems. The explanation for these results lies in the compar-
ative sizes of the two dye molecules. The MB molecule is
smaller than the CV molecule and therefore more easily
adsorbed. The lower adsorption capacity of MA-MOPH
toward both dyes in the binary system indicated the pres-
ence of competitive adsorption between CV and MB.

The adsorption equilibrium data of CV and MB on
MA-MOPH in the single and binary systems were studied
using isothermal models. Amongst all isotherm models,
the Langmuir and Freundlich models are the most well-
known and are widely applied to adsorption processes. The

Table 2
Kinetic parameters of CV and MB adsorption on MA-MOPH

Langmuir model assumes the biosorbent active sites are
homogeneous and the adsorbate adsorbs onto the adsorbent
in a monolayer form without interaction between adsorbed
molecules [27,37]. The Langmuir isotherm models are
expressed by Eq. (13) [38].

c. C 1
—=—t4

— (13)
e G

quL

where C, is adsorbate concentration in the equilibrium state
(mg L), g, is adsorption capacity in the equilibrium state
(mg g), while K, is Langmuir constant (L mg™) and g, is
maximum adsorption capacity of the biosorbent (mg g™).

The Freundlich model is commonly used to describe
the adsorption on heterogeneous surface and multilayer
adsorption on a sorbent surface where there is interaction
between adsorbed molecules [37] and this model is expressed
by Eq. (14) [39].

Ing, =InK, +llnCe (14)
n

where K, is the Freundlich adsorption constant ((mg g™)
(L mg™)") and n is the adsorption intensity.

The R? value yielded by fitting the Langmuir isotherm
model to the experimental data was closer to 1 than the
R? yielded by fitting the Freundlich isotherm model to the
experimental data (Table 3 and Fig. 5b and c). Moreover,
the values of g,  obtained from the Langmuir model
(Table 3) were close to the values obtained from the exper-
imental data. Therefore, the Langmuir isotherm could bet-
ter describe the adsorption of MB and CV on MA-MOPH
in both the single and binary systems. Table 4 shows the
adsorption efficiency of MA-MOPH compared to other
adsorbents. It could be seen that this biosorbent derived
from biomass showed a high adsorption capacity for both
CV and MB. The preparation procedure of the proposed
required only two reagents: MA and DMAc. Moreover, after
the separation of the MA-MOPH biosorbent, unreacted MA
and DMAc could be recovered by distillation.

In the binary system, competition effects between ions
of the two dyes could be deduced from studying the ratios
of maximum adsorption capacity for the dye in the binary

Model Parameters Single system Binary system
cv MB cv MB

Experimental
g, (mg g™ - 275.65 266.89 199.97 218.52
Pseudo-first-order q,(mgg™) 56.13 20.79 93.52 116.76

k, (min™) 1.49 x 1072 3.95 x 10 1.78 x 102 1.96 x 1072

R? 0.9129 0.9892 0.9125 0.9299
Pseudo-second-order q,(mgg™) 277.78 270.27 208.33 222.22

k, (g mg™ min™) 1.09 x 1073 1.18 x 107 5.18 x 10~ 4.47 x 10~

R? 0.9998 0.9999 0.9994 0.9990
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pH 8 at 25°C, contact time of 180 and 60 min for CV and MB,
respectively, S = Single system and B = Binary system).

system (g_,) to the maximum adsorption capacity for the
same dye in the single system (g __) [44]. The ratios of both
values described three competitive effects as follows:
when ¢ _ /g <1, adsorption was suppressed by the exis-
tence of other dyes in the dye solution: when q_,/q =1,

Table 3
Results of adsorption isotherms for CV and MB adsorption on
MA-MOPH

Models Parameters  Single system  Binary system
cv MB cv MB
Experimental
q,(mgg") - 378.50 54536 243.09 312.78
Langmuir g, (mgg™) 37037 55556 250.00 312.50
K (Lmg?) 159 0.11 0.15 0.13
R? 0.9999  0.9993 0.9999 0.9997
Freundlich K, ((mgg™)
(Lmg™)¥y 22626 18275 12727 119.40
n 9.26 5.15 8.84 5.95
R? 0.8843 0.9344 0.7956 0.8008

adsorption was independent of the presence of other
dyes: when q_./q > 1, adsorption was promoted by the
existence of other dyes in the mixture [44]. The values
of q_,/9,. for MB and CV were less than one, suggesting
that there was a competition between CV and MB mole-
cules for active sites on the MA-MOPH biosorbent [44,45].
Since the molecular weight of MB is less than that of CV,
MB was probably adsorbed first. The adsorption capacity
of MA-MOPH in the binary system was higher than other
adsorbents toward CV and MB in single systems reported
in the literature (Table 4). MA-MOPH is an effective and
low-cost biosorbent capable of simultaneously elimi-
nating two cationic dyes in wastewater.

3.6. Biosorbent reusability

The reusability of the MA-MOPH biosorbent was eval-
uated by the repeated adsorption of CV and MB to deter-
mine any loss of technical efficiency that might increase
cost in a scaled-up industrial application. The dye-loaded
biosorbent was desorbed with 1.0 M CH,COOH solution,
which replaced the positive charges of the dyes with H*
ions [46]. The regenerated MA-MOPH was able to main-
tain its adsorption capacity towards MB for 5 consecu-
tive cycles with only a negligible reduction in adsorption
(Fig. 6). CV adsorption on MA-MOPH, meanwhile, slightly
decreased throughout the first to third cycle followed by a
quite significant reduction that started at the fourth cycle
and continued. This reduction was attributed to the incom-
plete desorption of CV by CH,COOH [9].

3.7. Interaction between biosorbent and cationic dyes

The effects of desorption in an acidic medium, the study
of solution pH that indicated optimal adsorption in basic
solution (pH 8), and the results of the adsorption kinet-
ics study, led to the conclusion that adsorption occurred
through electrostatic interaction between positive charges of
the dyes and negative charges on carboxylic and hydroxyl
groups of MA-MOPH. Possible mechanisms of adsorption
are proposed below [7]:



302 K.N.A. Putri, W. Chinpa / Desalination and Water Treatment 243 (2021) 294-304

Table 4

Maximum adsorption capacity of various adsorbents from Langmuir isotherm model

Adsorbent

Maximum adsorption capacity (q,, mg g™)

Single system Binary system

cv MB cv MB
Cellulose modified with maleic anhydride [12] 33.69 194.6 - -
Carboxylate-functionalized cellulose nanocrystals [14] 243.9 - - -
Corn stalk fiber grafted poly(acrylic acid) [16] - 354.1 - -
M-CS, M-CCL, M-CCSD [18] - 870, 741, 787 - -
Crosslinking thiourea-modified sugarcane bagasse cellulose with car- 574.7 632.9 427.4 555.6
boxymethy]l cellulose hydrogel [22]
Industrial microbial waste [29] 175.44 92.59 74.63 52.9
Cellulose-based modified citrus peels/calcium alginate composite [30] 881.56 923.07 884.11 795.14
Natural clay [40] 231.74 279.95 ~160 ~190
Sn (O, S) nanoparticles loaded on activated carbon [41] 115.3 109.2 103 95.7
Carboxymethyl cellulose hydrogels beads [42] - 82 - -
Carboxylate-modified lignosulfonate [43] - 613.5 - -
MA-MOPH (this study) 370.37 555.56 250.00 312.50

300
nCV 2MB
+ = o —= ———
250 A
<200 -
o
o
£ 150 |
100 A
50 n T T T T
1 2 3 4 5

Cycle

Fig. 6. Results of the reusability study of the MA-MOPH biosor-
bent.

Carboxyl group:
MA-MOPH - COOH + Dye - N*(CH,), CI”
—MA-MOPH - COON*(CH, ), -Dye +H'CI"
Hydroxyl group:
MA-MOPH - OH + Dye - N*(CH, ), CI

— MA-MOPH - O"N"(CH, ), - Dye + H'CI

Moreover, the possible interaction between biosorbent
and cationic dyes might be ascribed to hydrogen bonding
between the H atom in carboxyl and hydroxyl groups of

MA-MOPH and the N atom in the cationic dye molecules.
An interaction was also probably formed through ion-di-
pole forces between partially negative charges on the O
atom in carbonyl groups of MA-MOPH and positive charges
in the CV and MB molecules [9,47].

4. Conclusion

A highly efficient lignocellulose biosorbent was pre-
pared by chemically modifying Moringa oleifera pod husk
biomass with maleic anhydride in a simple approach. The
presence of carboxyl functional groups on the modified
biosorbent promoted the adsorption of crystal violet and
methylene blue in both a single and a binary dye system.
Adsorption temperature hardly affected the adsorption
of crystal violet and methylene blue on the modified bio-
sorbent and the thermodynamic study indicated that the
adsorption processes of both dyes were spontaneous and
endothermic. In both dye systems, crystal violet and methy-
lene blue were adsorbed on the modified biosorbent within
5 min. The adsorption of crystal violet and methylene blue
in both systems was well fitted with the pseudo-second-or-
der kinetics and Langmuir isotherm models. The model
fitting implied that electrostatic adsorption was the dom-
inant mechanism and that crystal violet and methylene
blue adsorbed on the modified biosorbent in a monolayer.
Moreover, by desorbing the modified biosorbent with
1.0 M CH,COOH solution, adsorption capacity remained
stable over five cycles of reuse. These results proved that
carboxylate-modified Moringa oleifera pod husk was a
practical and economic alternative biosorbent.
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