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ABSTRACT

Macadamia nut shells (MNS), an abundant forestry residue rich in cellulose and lignin, were amino
modified to adsorb reactive brilliant red (K-2BP). The raw MNS, and the ethylenediamine, diethylen-
etriamine and triethylenetetramine modified MNS (EMNS, DMNS, and TMNS) were characterized
by scanning electron microscopy, laser particle sizer, Fourier transform infrared (FTIR) spectroscopy
and thermogravimetric analysis. The effect of pH on the adsorption process of K-2BP was studied and
combined with the zeta potential analysis. The adsorption mechanism was explained. The K-2BP dye
adsorption capacity decreased as pH increased. Results showed that TMNS had the highest adsorp-
tion capacity due to a higher pH,,,. which implied a more positive surface charge and more amine
and secondary amine on the surface. Thermodynamic analysis verified that the adsorption process
was endothermic and spontaneous. The adsorption kinetics of these modified adsorbents was well
matched with pseudo-second-order equation, indicating that the adsorption process is chemical
adsorption. The Langmuir and Freundlich isotherm models were used to describe the adsorption pro-
cesses of K-2BP dye onto four kinds of adsorbents. The Freundlich model showed the best statistics,
which meant the adsorption of K-2BP onto adsorbents from the aqueous solutions was constant with
a monolayer formation.
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1. Introduction

The extensive use and direct discharge of dyes without
treatments have caused severe environmental and health
problems [1]. Azo dyes are the most widely used dyes, which
account for over 60% of the total number of dyes known to
be manufactured [2]. Among several removal methods for
azo dyes in aqueous solution, such as adsorption [3,4], coag-
ulation [5], and advanced oxidation [4], the adsorption has
attracted most attention since it is economical, efficient, easy
to conduct [6,7] and has high adsorption capacity.

Macadamia nut shells (MNS), an abundant forestry res-
idue rich in cellulose and lignin, have been utilized to pro-
duce value-added activated carbons (ACs) [8]. Therefore,
waste adsorption on ACs from MNS has aroused extensive
attention in the past few decades. For instance, the adsorp-
tion capacity of MNS-derived ACs to phenol (341 mg/g) is
significantly higher than that of commercial ACs (32 mg/g)
[9]. Poinern et al. [10] reported the high-efficient aurocya-
nide adsorption on MNS-derived ACs. ACs converted from
NaOH-modified MNS have also been used for tetracycline
removal [11]. In addition, various chemical-modified MNS-
derived ACs have been successfully applied to the removal of
hexavalent chromium [12], reactive blue [13] and methylene
blue [14]. However, ACs production is restricted due to its
energy and capital-intensive process involving carbonization
and activation.

Compared with original ACs, modified MNS ACs are
economical, energy-efficient, and easy to regenerate with
high efficiency [8,15]. Surface functionalities of carbon mate-
rial can anchor organic molecules and bind with heavy
metals, consequently increasing the removal efficiency of
pollutants [16]. A considerable number of functional groups,
such as amino, nitro, hydroxyl, carboxyl, etc., have been
tested as the chemical modifications to alter the surficial
properties [17,18]. Compared with other surface functional-
ities, amino shows more potential to strengthen the adsorp-
tion of metal ions and dyes. Yang and Jiang [19] reported
that adsorption capacity of amino-functionalized biochar to
copper (II) was significantly higher than that of untreated
biochar. Ma et al. [20] demonstrated that the adsorption
capability of modified biochar to Cr (V) was 20 times higher
than that of original biochar. In another study, Cao et al.
[21] reported that the azo dyes removal rate by NaOH- and
DETA-modified walnut shells was nearly 10 times higher
than that before modification. Although many studies have
revealed the adsorption of heavy metals onto amino-modi-
fied MNS material, dye adsorption has been rarely studied.
Also, the kinetics and thermodynamics of dye adsorption
on amino-modified MNS need to be further studied.

In this study, MNS was modified by ethylenediamine,
diethylenetriamine and triethylenetetramine to adsorb reac-
tive brilliant red (K-2BP). The morphology of MNS was char-
acterized and compared by scanning electron microscope
and laser granulometer before and after amino treatment.
The amino modification of MNS was qualified by Fourier
transform infrared (FTIR) spectroscopy. The thermal stability
of adsorbents was analyzed using thermogravimetric anal-
ysis (TGA). The influences of pH on the adsorption process
were investigated. The adsorption mechanism was explained
with zeta potentiometric analysis. In addition, the adsorption

characteristics and mechanism of dye adsorption process
were further studied by using thermodynamics, adsorption
kinetics and adsorption isotherms.

2. Materials and methods
2.1. Materials

Ethylenediamine, diethylenetriamine and triethylenete-
tramine were obtained from KeLong Chemical Co. Ltd.
(China). Reactive brilliant red (K-2BP) (C,.H,,C,N.Na,O, S,,
molecular weight of 808.48 g/mol) was purchased from Jinan
Xinxing Dye Chemical Co. Ltd. (China) (Fig. 1 for the chem-
ical structures of different chelating ligand and reactive bril-

liant red).

2.2. Synthesis of modified MINS

The pristine macadamia nut shells were initially soaked
in distilled water to remove surface-attached particles and
water-soluble materials. The residual pulp was cleared by
blades and brushes and dried at 105°C for 24 h, and then
crushed to powder (120 mesh) and stored in a drying bottle
for further analysis and modification. 2 g of MNS and dif-
ferent modifiers (ethylenediamine, diethylenetriamine and
triethylenetetramine) were mixed and stirred with magnetic
stirrer at 70°C for 180 min separately. After that, three modi-
fied adsorbents were rinsed in deionized water till the pH of
leachate reached 7. The modified adsorbents were dried at
60°C before use.

2.3. Adsorption experiment

The adsorption of K-2BP was carried out in 100 mL
Erlenmeyer flasks by adding 0.13 mol EMNS, DMNS and
TMNS, to 50 mL K-2BP solution, respectively. The pH was
adjusted by adding HCI (0.1 mol/L or 1 mol/L) or NaOH
(0.1 or 1 mol/L). All the Erlenmeyer flasks were then agitated
in a shaking incubator (180 rpm, 120 min). The solution inter-
acted with adsorbent was then filtered through a 0.45 pm
filter, and the concentration of the filtrate was quantified by
UV-VIS spectrometer at the maximum wavelength of 538 nm.

HNT N NH;

HZN/\/ TZI\/\NH

HZN\/\““/\/E\/\ NH,
H

Ethylenediamine

Diethylenetriamine

Triethylenetetramine

Cl
NaSO3
OH HN— C ‘
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Reactive brilliant red
NaSO3 NaSO;

Fig. 1. Chemical structures of different chelating ligand and reac-
tive brilliant red.
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2.4. Analytic methods

The concentration of residual dyestuff was quantified by
UV-VIS spectrometer (ALPHA-1506, China) [22]. The mor-
phology of the adsorbents was characterized by scanning
electron microscope (HITACHI-S-4800N, Japan) [23]. The
particle size distribution of different adsorbents was studied
by Malvern particle size analyzer (SEDIMAT 4-12, Germany).
The surface functional groups and chemical bonds of the
adsorbents were characterized by FTIR spectroscopy (Nexus
870, USA) [24]. The thermal stabilities of the adsorbents were
studied by TGA (Pyris 1 DSC, USA) [25].

2.5. Calculations

The adsorption capacity and removal efficiency (%) of
the adsorbents were determined by the following equations
[26,27]:

_ (CO _Ct)XV

= M

K—-2BP% =

COC_ C 100% )

where C, (mg/L) represents the initial dye concentration,
C, (mg/L) represents the dye concentration at time , V (L)
represents the solution volume, W (g) represents the adsor-
bent mass, q,, (mg/g) represents the amount of dye adsorbed
by adsorbent at time .

3. Results and discussion
3.1. Characterization of modified adsorbent
3.1.1. SEM image analysis and aperture size

The porous nature and surface structure of the pristine
adsorbent (MNS), modified adsorbents (EMNS, DMNS,
TMNS) and TMNS after adsorption (named as K-TMNS)
were examined using SEM. According to Fig. 2a, MNS is
multilayer and tubular structure with a few cracks present-
ing as porous. After modification, the multilayer surfaces
of the adsorbents became smooth due to organic modifiers
linkage during the chemical modification [28]. The surface
morphology of the adsorbents was obviously changed after
K-2BP adsorption. The original layered structure (Fig. 2d)
became blurred after adsorption (Fig. 2e). With the increase
of adsorption capacity, the surface of TMNS layered structure

Fig. 2. SEM micrographs of (a) MNS, (b) EMNS, (c) DMNS, (d) TMNS, and (e) K-TMNS.
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shows an agglomeration trend, as depicted by the arrows in
Fig. 2e. Less stratified structure was found as the amino num-
bers in modifiers increased (Figs. 2b—d).

As shown in Fig. 3, the specific surface area, total pore
volume of pristine adsorbent and modified adsorbents varied
considerably. The specific surface area and total pore volume
decreased. The mean particle size for MNS, EMNS, DMNS
and TMNS were 84.497, 109.098, 121.400 and 113.006 pm,
respectively. Mean particle size of EMNS, DMNS and TMNS
was larger than MNS because the rinse process drained a part
of small size adsorbents (Fig. 4). Increasing amino numbers
of modifiers resulted in the decrease of specific surface area
and total pore volume, which might be due to the steric hin-
drance of grafted functional group to the diffusion of nitro-
gen into interior of MNS [29].

3.1.2. FTIR analysis

The FTIR spectroscopy was used to detect if the dyes
successfully attached to any groups of the modified nut

0.20 0.007
c\g 0.16 -4 0.006 @
< Il Specific surface aera 5
) [ Total pore volume - 0.005 é’
= 012 £
o} Ie)
8 {000 3
] Qo
£ 008 %
2 {0003 2
£ L
g 004
& 40,002
0.00 “ .: 0.001
MNS EMNS DMNS TMNS

Fig. 3. Specific surface area, total pore volume of MNS, EMNS,
DMNS and TMNS.
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Fig. 4. Particle size distribution of MNS, EMNS, DMNS and
TMNS.

shell and the groups that the K-2BP dye tended to attach.
The spectrum of the pristine MNS (Fig. 5) exhibited a strong
peak at 3,403 cm™ representing the O-H stretching vibration
of hydroxyl groups or adsorbed water of cellulose and lig-
nin [30,31]. The bands at around 2,902 cm™ were attributed
to C-H stretching vibrations, while the band at around
1,375 cm™ in methyl and methylene groups was caused by
the C-H in-plane bending vibrations [32,33]. The bands at
around 1,739 cm™ were resulted from C=O stretching vibra-
tions in the carboxyl group [34,35]. The bands near 1,465
and 1,512 cm™ were assigned to C=C stretching that can be
attributed to the presence of aromatic or benzene rings in lig-
nin [2,36]. The band at 1,033 cm™ shows C-O stretching in
carboxyl acids, alcohols and phenols [37,38]. Fig. 5 also gives
the FTIR spectra of the modified adsorbents (curves EMNS,
DMNS, TMNS) and the adsorption of K-2BP by adsorbents
(curves K-MNS, K-EMNS, K-DMNS, K-TMNS). After chem-
ical modification reaction, a strong broad band appeared in
the range of 3,200-3,600 cm™, mainly from the N-H stretch-
ing vibration (overlapped by O-H) [39]. A new strong
band of the modified adsorbents appeared in the range of
1,651-1,641 cm™ due to the C=0 stretching vibrations coming
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Fig. 5. FTIR spectra of four adsorbents and the adsorbents after

K-2BP adsorption, respectively.
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from the amide group [40]. The new band generated at 1,335
and 1,225 cm™ can be ascribed to C-N bend vibrations in the
amino group and amide group, respectively, indicating that
many amine groups were grafted on the surface of MNS after
condensation polymerization [41-43], in accordance with the
results in section 3.1.1. The C-N band near 1,334 cm™! shift
to 1,320 cm™ after adsorption due to the K-2BP occupation.
Therefore, the FTIR results demonstrated the main functional
groups of the pristine macadamia nut shell were hydroxyl
and carboxyl. The amino groups were grafted onto the sur-
face of the pristine macadamia nut shell because of acylated
condensation reaction between the amino groups and the
carboxyl groups [35]. Additionally, the K-2BP dye mole-
cules were adsorbed on the modified adsorbents with amino
groups.

3.1.3. Thermogravimetric analysis

The thermal stability of MNS, EMNS, DMNS, TMNS
was investigated by TGA. All TGA tests were conducted
at 30°C to 600°C with an increase rate of 20°C/min under
air atmosphere (Fig. 6). The weight loss of 11.88 wt% was
observed at 100°C due to the removal of physically adsorbed
water from the sample [32,44]. Similarly, the weight loss
of 9.78 wt%, 5.67 wt%, 6.75 wt% at 100°C was obtained for
EMNS, DMNS, TMNS, respectively. The quality of modified
adsorbent decreased more slowly than that of MNS because
of low humidity of modified adsorbents caused by chemi-
cal modifications. The weight loss was around 50 wt% at
260°C-380°C during the main degradation, corresponding to
the cellulose degradation [45]. The weight loss above 380°C
could be attributed to the ring-opening reaction as well as the
formation of crosslinked and condensed aromatic structures
in lignin at high temperatures [46]. The TGA tests of MNS,
EMNS, DMNS, TMNS indicated that they are thermally sta-
ble for dye removals under mild conditions.

3.2. Influence of pH on K-2BP dye removal

pH value is a very crucial parameter affecting the adsorp-
tion efficiency of K-2BP dye. The adsorptions of K-2BP dye
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Fig. 6. TGA diagram of MNS, EMNS, DMNS and TMNS.

by MNS, EMNS, DMNS and TMNS were investigated in a
pH range of 2-10.

According to Fig. 7, the adsorption capacity of K-2BP dye
decreased when pH value varied from 2 to 10. The maximum
adsorption capacities of EMNS, DMNS and TMNS on K-2BP
dye at pH = 2 was 282.15, 395.07 and 426.22 mg/g, respec-
tively. It was clear that the adsorption capacities of EMNS,
DMNS and TMNS were 2.55, 3.57 and 3.85 times higher
than that of MNS, respectively. This could be attributed to
zeta potential changes in surface electric charges of the three
kinds of adsorbents.

As shown in Fig. 8, the zeta potentials of MNS, EMNS,
DMNS and TMNS were 4.13, 7.83, 8.07 and 8.08, respec-
tively. The surface charges of adsorbents were positive at
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Fig. 7. Effects of pH on K-2BP adsorption by the adsorbents
(MNS, EMNS, DMNS and TMNS) (conditions: temperature,
25°C; adsorbent dosage, 0.025 g; stirring rate, 180 rpm; reaction
time, 180 min; initial dye concentration, 250 mg/L).
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Fig. 8. Zeta potential curves for adsorbents (MNS, EMNS, DMNS
and TMNS) as a function of pH (conditions: temperature, 25°C;
adsorbent dosage, 0.025 g; stirring rate,180 rpm; reaction time,
180 min; initial dye concentration, 250 mg/L).
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pH < pH,,. and negative at pH > pH,, .. Compared with the
other adsorbents, TMNS possessed a higher pH,,. implying
that it had a more positive surface charge and more K-2BP
dye could be adsorbed [47].

The adsorption mechanism can be explained by the elec-
trostatic adsorption and the hydrogen bonding between
amino, secondary amine, hydroxyl groups and dyes distrib-
uted on the surface of adsorbents (Fig. 9). Many functional
groups such as amine, hydroxyl and carbonyl groups are
distributed on the surface of the modified adsorbents. The
predominant charges on the adsorbents surface at acidic
pH were positive because lower pH led to a higher concen-
tration of hydrogen ion in the solution, resulting in more
amine, secondary amine and hydroxyl group protonated
[48]. These protonated groups (-NH;) resulted in the adsor-
bents possessing positive charges which can interact with

Q. Feng et al. / Desalination and Water Treatment 180 (2020) 349-359

the sulfonic acid groups of the K-2BP dyes through electro-
static adsorption [21,49,50]. By contrast, as pH increased,
the negative charge on the adsorbents surface increased,
and it starts to deprotonate, reducing electrostatic attrac-
tion and increasing electrostatic repulsion, leading to the
decline of adsorption capacity. By the theory of electrostatic
adsorption, the phenomenon presented in Fig. 7 can be well
explained. That is to say, TMNS with more amino, secondary
amine has the strongest adsorption capacity and the adsorp-
tion capacity decreased faster when pH increased (pH 3-4)
[51,52]. Besides, the adsorption before amino modification
indicated the inter-molecular interaction was involved. The
adsorption was enhanced by the strong hydrogen bonding
between K-2BP dye and the adsorbents which was a result
of the strong combination of hydrophilic functional groups
between the dye and the adsorbents [53,54].
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3.3. Thermodynamic studies

The adsorption thermodynamics is critical for the inter-
pretation of adsorption mechanisms. The thermodynamic
parameters such as the Gibbs free energy (AG®), enthalpy
change (AH®) and entropy change (AS°) were investigated by
studying the sorption process at three different temperatures
(293 K, 303 K and 313 K) [55-58]. The Van’t Hoff equation was
used to calculate these variables [59]:

AG® = AH®—TAS® @)
AS°  AH®

InK. = —

nKe =—""RT *)
1.

K= ©)

where K_is the adsorption equilibrium constant, which is the
ratio of adsorbed K-2BP dye concentration to the dye concen-
tration in solution at equilibrium. g, is the amount of K-2BP
dye adsorbed per unit mass of adsorbents (mg/g), C, is the
equilibrium K-2BP dye concentration in solution (mg/L), T is
the absolute solution temperature (K) and R is the universal
gas constant (8.314 J/mol K).

All the adsorption thermodynamic parameters of K-2BP
dye adsorption on four kinds of adsorbents are summarized
in Table 1.

The increase of K. and the positive value of AH® revealed
that the adsorption was an endothermic process [60]. Higher
temperature increased the mobility of the dye molecules and
the number of active sites for the adsorption [59]. Moreover,
the positive value of AS° indicated the increasing random-
ness at the adsorbents/solution interface during the K-2BP
dye adsorption process on the four kinds of adsorbents [19].
On the other hand, the negative AG® values were observed
at all three temperatures, confirming that the adsorption of
K-2BP dye was spontaneous. The decrease in AG® values
with increasing temperature revealed that the adsorption
was favorable at higher temperature [61,62].

Table 1

3.4. Adsorption kinetics

The pseudo-first-order kinetic model and pseudo-
second-order models (Egs. (6) and (7)) are the noted mod-
els to research the adsorption kinetics with the experimen-
tal data for the adsorption of K-2BP dye by four kinds of
adsorbents [3,48].

In(g, -q,)=Ing, -kt (6)
t 1 t
e )
9 ki a,
h=k,q; (8)

where g, (mg/g) and g, (mg/g) are the amounts of K-2BP
dye for adsorbents at equilibrium and at any time f (min),
respectively. k, (1/min) is the adsorption equilibrium rate con-
stant of pseudo-first-order kinetic model. k, (g/(mg min)) is
the adsorption equilibrium rate constant of pseudo-second-
order kinetic model. i (mg/g min) was used to calculate the
initial adsorption rate constant.

The calculated parameters of the pseudo-first-order and
pseudo-second-order models have been summarized in
Table 2.

According to Table 2, the experimental data of four kinds
of adsorbents demonstrated that the pseudo-second-order
kinetics model achieved a larger correlation coefficient and
the theoretical Q, values were closer to the experimental g,
values than that of the pseudo-first-order model, which indi-
cated that chemical adsorption, involving the electrostatic
interaction and the hydrogen bonding between K-2BP dye
and adsorbents, was the main control process of the four
kinds of materials [19,63]. The rate constants (k,) for K-2BP
dye adsorption onto the EMNS, DMNS and TMNS were
lower than that of the MNS. This indicated that they were
slower to reach a specific fractional adsorption [64]. The
high h value confirmed that the adsorption of K-2BP dye
may be carried out via surface exchange reactions until the
surface functional sites were occupied [21,65]. The chemical

Thermodynamic parameters of adsorption of K-2BP on adsorbents (MNS, EMNS, DMNS, TMNS) (conditions: stirring rate, 180 rpm;
reaction time, 180 min; initial dye concentration, 250 mg/L; pH, 6.91)

Temperature (K) K. (L/mol) AH® (kJ/mol) AS° (J/(mol K))  TAS® (kJ/mol) AG® (kJ/mol) R?
MNS 293 0.054067 0.00002 0.0029 0.00085 -0.00083 0.9817
303 0.089185 0.00088 -0.00086
313 0.18981 0.00091 -0.00089
EMNS 293 0.1388 0.00003 0.0028 0.00082 -0.00079 0.9949
303 0.195499 0.00085 -0.00082
313 0.294942 0.00088 -0.00095
DMNS 293 0.203284 0.00003 0.0031 0.00091 -0.00088 0.9235
303 0.40264 0.00094 -0.00091
313 0.411023 0.00097 -0.00094
TMNS 293 0.283213 0.00004 0.0030 0.00088 -0.00084 0.9356
303 0.426174 0.00091 -0.00087
313 0.490182 0.00094 -0.00090
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Table 2
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Kinetic parameters for the adsorption of K-2BP on adsorbents (MNS, EMNS, DMNS and TMNS) with different models (conditions:
temperature, 25°C; stirring rate, 180 rpm; initial dye concentration, 250 mg/L; pH, 6.91)

Total number of Q, (mg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model
amino groups (mol) 9, M8/ k,min"  R? q,..Mmg/g hmg/(gmin) k,g/(mgmin) R
MNS  40.9412 65.7895 0.0152 0.9672 45.4545 0.9626 0.0004 0.9807
0.13x4=0.52 EMNS 81.4821 113.9546 0.0196 0.9386 84.0336 1.1693 0.0002 0.9896
0.13 x 6=0.80 DMNS 144.4762  131.4465 0.0227 0.9443 144.9275  5.5897 0.0003 0.9833
0.10 x 8 =0.80 TMNS 146.8235 112.0449 0.0182 0.9561 151.5152 59488 0.0003 0.9918
modification process involving main reactions and number
of amino groups carried by adsorbents is shown in Fig. 10. o i /\/NH
Generally, adsorption capability of the macadamia shell C—OH C—NH ’
increased after modified by amino. When the total numbers of
amino modifying were the same, the adsorption equilibrium o + N N NH; & 0
rates reached the same constant value. If the amino numbers & on ngH/\/NHz
were different, less time was needed to get the adsorption
equilibrium rate constant for the modifiers with more amino MNS EMNS
numbers per mole. The variation in / values indicated that
the initial adsorption rate could be higher by increasing the NH,
amino groups in per mol modifiers. As a result, macadamia Q i
shell modified with more amino groups showed a better per- C—oH AN N
formance in removing azo dye reactive brilliant red K-2BP in A
printing and dyeing wastewater. 0 —+ = —
g*OH I l\—{
C*NH/\/N\/\ NH,
3.5. Adsorption isotherms -
2
In this study, the Langmuir and Freundlich isotherm M e
models were used to describe the adsorption processes of N
K-2BP dye onto four kinds of adsorbents. The Langmuir o 7
model described an adsorption process that occurred upon don I i
a homogeneous surface where the adsorbate was distributed = CiNH\/\T/\/N\/\N“z
in monolayers. The Freundlich isotherm model was valid o - !
for multilayer adsorption of heterogeneous surface with a L on I
non-uniform distribution of heat of adsorption over the sur- - 7= CiNH\/\W/\/E\/\NHZ
face [33,66]. Langmuir and Freundlich isotherm models can "
be calculated by Egs. (9) and (10). MNS . TMNS

Seo e 9)
qe KLQm Qm
1
Ing, =InK, + Ce (10)
n

where C,(mg/L) is the ultimate concentration of K-2BP dye
at equilibrium, g, (mg/g) is the corresponding adsorption
capacity. Q (mg/g) is the theoretical maximum adsorp-
tion capacity of adsorbents, K, (L/mg) is the Langmuir iso-
therm coefficients related to the free energy of adsorption,
K, ((mg/g)(L/mg)*") and 1/n are the adsorption constants of
Freundlich model.

The adsorption isotherm parameters of K-2BP dye
adsorption by four kinds of adsorbents are listed in Table 3.

The values of correlation coefficient R? for Freundlich
model of K-2BP dye adsorption on MNS, EMNS, DMNS
and TMNS (0.9129, 0.9568, 0.9831 and 0.9679, respectively)
were higher than that of Langmuir model, indicating that
the Freundlich model is more fitted to characterize the

Fig. 10. Associated reactions of the chemical modification
process.

equilibrium adsorption. This was constant with multilayer
adsorption due to the presence of energetically heteroge-
neous adsorption sites. In general, values 1/n <1 illustrated
that adsorbate was favorably adsorbed onto adsorbent
[67,68].

4. Conclusion

In this work, the raw MNS, and the ethylenediamine,
diethylenetriamine and triethylenetetramine modified MNS
were used to remove K-2BP dye from aqueous solutions.
The raw MNS, and the ethylenediamine, diethylenetriamine
and triethylenetetramine modified MNS (EMNS, DMNS
and TMNS) are porous, multilayer and tubular structures
with average particle sizes of 84.497, 109.098, 121.400 and
113.006 pm, respectively. The band generated at 1,335 and
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Table 3
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Adsorption isotherm constants for K-2BP adsorption onto the adsorbents (MNS, EMNS, DMNS, TMNS) (conditions: temperature,

25°C; stirring rate, 180 rpm; reaction time, 180 min; pH, 6.91)

Isotherm models Parameters MNS EMNS DMNS TMNS

Langmuir Q, (mg/g) 49.7512 85.4701 128.2051 125.0000
K, (L/mg) 0.0120 0.0147 0.0299 0.0389
R? 0.8534 0.8125 0.9047 0.8906

Freundlich K, ((mg/g)(L/mg)") 1.0226 2.1596 9.3194 11.3748
1/n 0.7050 0.6847 0.4991 0.4662
R? 0.9129 0.9568 0.9832 0.9679

1,225 ecm™ caused by C-N bend vibrations in amino group
and amide group indicated that amine groups were grafted
on the surface of MNS after modification. The influence of
pH on K-2BP dye removal indicated that the existence of
amino groups in adsorbents enhanced their absorption capa-
bilities. Moreover, it was demonstrated that the adsorption
processes were spontaneous and endothermic. The adsorp-
tion kinetics of pristine and functionalized adsorbents were
well described by the pseudo-second-order kinetic model,
suggesting that the adsorption of K-2BP dye on adsorbents
was chemisorption and the rate-limiting step might be the
electrostatic and hydrogen bonding interaction. In addi-
tion, the adsorption kinetics was well confirmed with the
pseudo-second-order equation. When the total numbers of
amino modifying were the same, the adsorption equilibrium
rates reached the same constant value. If the amino numbers
were different, less time was needed for the modifiers with
more amino numbers per mol to get the adsorption equilib-
rium rate constant. The variation of h values indicated that
by increasing amino groups per mole modifiers, the initial
adsorption rate could be higher. As a result, MNSs modified
with more amino groups showed a better performance in
removing azo dye reactive brilliant red (K-2BP) in printing
and dyeing wastewater.
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