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The novel and intriguing role of Fe(NO3)3 as a chemical activator in carbonization of macadamia nutshell is introduced in this
work. Magnetic mesoporous carbon was achieved by chemical activation of macadamia nutshell with Fe(NO3)3 under nitrogen
atmosphere at 850°C (MMC-850). Porosity of MMC-850 included SBET 317m2/g with Vmicro 0.0796 cm3/g and considerably
high Vmeso 0.4318 cm3/g. Not only did MMC-850 possesses good magnetic properties with saturation magnetization and
coercive force of 31.48 emu/g and 506.6Oe, respectively, but MMC-850 also showed high-removal efficiency of reactive black
dye (RB5) with maximum adsorption capacity at 123.51mg/g. The experimental data fit the Langmuir isotherm and Elovich
model. Thermal regeneration was effective in degrading RB5 and removal ability was above 90% after two regeneration cycles.
RB5 removal from water by MMC-850 as an adsorbent is considered a facile and inexpensive method since macadamia
nutshell is a food by-product which is a green and renewable carbon precursor. MMC-850 is a potential adsorbent because it
can be separated from wastewater treatment system using magnetic force. Besides, MMC-850 particle is not brittle compared
to other porous biochar/activated carbon with similar size; therefore, it is an excellent candidate for column packing or scaling
up for wastewater treatment facilities in the future.

1. Introduction

Water pollution and water shortages are major global crises
caused by expansion of the industrial sectors and rise of pop-
ulation [1]. Textile industries consume a large amount of
water and chemicals [2, 3]. Reactive black 5 (RB5) is an
azo dye which is one of the most widely used dye in textile
industries due to its bright color and good colorfastness

[4, 5]. Approximately, 10-15 percent of RB5 dye is lost
in effluent wastewater during dyeing and finishing process
[6, 7]. Since RB5 has intense dark hue, a minute amount
of RB5 tremendously disturbs water clarity. In addition,
chromophores in azo dyes cause mutagenicity and carci-
nogenicity in humans and animals [8, 9].

In general, there are several methods to remove dyes
from wastewater, including physical or chemical processes
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such as coagulation-flocculation [10–12], membrane filtra-
tion [13, 14], ozonation [15], advanced oxidation process
(e.g., photocatalysis, Fenton and photo-Fenton, electro-
chemical, and sonolysis) [16–20], as well as biological pro-
cess like anaerobic/aerobic process [21–23], or activated
sludge process [24]. Most dye removal processes are compli-
cated, expensive, and environment unfriendly while biolog-
ical processes are green but time-consuming. However,
most reactive dyes especially RB5 are not biodegradable,
resulting in poor removal efficiency by biological techniques
[25]. Adsorption is one of the most acceptable processes for
dye-contaminated water treatment due to its simplicity,
high efficiency, and low investment [26, 27]. Activated car-
bon is commonly used as an adsorbent due to its large sur-
face area, high degree of microporosity, and desired surface
functionalization [28]. Adsorption of RB5 in water with
commercial-activated carbon and activated carbon prepared
from coal, agricultural, and industrial wastes, including
granular-activated carbon: FILTRASORB 400 [29], granular-
activated carbon: DARCO®, granular-activated carbon:
Norit® PK 1-3 [30], powdered-activated carbon [31], and
activated carbon from H3PO4-bamboo [29], activated
H3PO4-sawdust [32], activated carbon from textile sludge
[33], activated carbon from palm shell [34], and activated
carbon from walnut wood [35] have been thoroughly stud-
ied. Generally, commercial-activated carbon with specific
or tailor-made properties is rather expensive.

Renewable and sustainable agricultural by-products such
as tree nut shells, coconut shells, peanut shells, and rice
husks and straw mainly consist of lignocellulose (cellulose,
hemicellulose, and lignin) [36–40]. Porous properties of acti-
vated carbon strongly depend on lignocellulosic composition
of raw materials. Carbon precursor with high-lignin content
tends to have high yield and large number of mesopores [41,
42]. There are several macadamia plantations located at
high-altitude area in northern part of Thailand. Macadamia
nutshell (MNS) with approximately 50% lignin content [37,
38] is a food by-product from macadamia nut-cracking pro-
cess in which about 60-70% by weight of MNS is generated
[43, 44]. Since MNS exhibits unique properties such as high
carbon and lignin contents with excellent hardness [45]
which are crucial for preparation of tailor-made mesoporous
carbon. Thus, MNS is a promising carbon precursor for
adsorbents used in practical application such as column
packing for scale up in the future.

In general, physicochemical properties of porous carbon
(e.g., porous properties, functional groups, and magnetic
properties) can be improved by physical activation (e.g.,
CO2 and steam) or chemical activation (e.g., acids, alkali,
oxidizing agents, and metal ions). Application of nitric acid
(HNO3) [46, 47], sodium hydroxide (NaOH) [46], phospho-
ric acid (H3PO4) [47], and sulfuric acid (H2SO4) [48] as
chemical activators for carbonization of MNS were studied.
In order to conveniently separate spent adsorbent from the
system after wastewater treatment, magnetic adsorbents are
considered to be attractive options. In general, magnetic
porous carbon is obtained by impregnation of transition
metal salts such as FeSO4·nH2O [49], FeCl3·nH2O [50, 51],
Fe(NO3)3·nH2O [52], NiCl2·nH2O [53], and MnCl2·nH2O

[54] to carbon precursor. Unlike other iron compounds,
Fe(NO3)3 creates not only good magnetic property but also
high-mesopore volume. Effortless, green, sustainable, and
economical ways of RB5 removal by magnetic mesoporous
carbon adsorbent is introduced for the first time in this
work.

2. Materials and Methods

2.1. Materials and Chemicals. Macadamia nutshell (MNS)
was collected from Pong Yang agriculture, Chiang Mai,
Thailand. Iron (III) nitrate nonahydrate (Fe(NO3)3·9H2O,
(KemAus, ≥ 98%) was used. The commercial adsorbent
was a granular-activated carbon (CAC) derived from bitu-
minous coal, purchased from CARBOKARN Company
Limited (I2 number 1000). The anionic dyes, reactive black
5 (RB5, Sigma-Aldrich, > 50%), were purchased from
Sigma-Aldrich. Molecular structure of RB5 is shown in
Figure 1.

2.2. Preparation of Magnetic Mesoporous Carbon (MMC)
and Macadamia Nutshell Carbon (MNSC). Macadamia nut-
shell (MNS) was immersed in 0.1M of Fe(NO3)3 and contin-
uously stirred at 80°C for 2 hours, followed by oven drying at
80°C for 24 hours. Magnetic mesoporous carbons (MMCs)
were fabricated by the carbonization under nitrogen atmo-
sphere. Immersed macadamia nutshells were carbonized at
650°C and 850°C with a heating rate of 10°C/min with 2-
hour holding time. Macadamia nutshell carbon (MNSC)
was carbonized without chemical activation at 850°C. The
samples were denoted as MMC-650, MMC-850, and
MNSC-850, as listed in Table 1.

Remark: NR: no report.

2.3. Characterization. Surface area and pore volume were
investigated by N2 adsorption-desorption apparatus at 77K
(Autosorb-1-MP, Quantachrome). Morphology and surface
features were demonstrated via scanning electron micros-
copy/energy dispersive X-ray spectroscopy (SEM, Hitachi
S-3700N). Crystalline structure and phase transformation
were analyzed by powder X-ray diffraction with an X-ray
diffractometer (D8 Advance, Bruker). Magnetic properties
of magnetic porous carbon were studied by vibrating sample
magnetometer (VSM; model-73098, Lank Shore). Iron con-
tent was determined by atomic absorption spectrophotome-
ter (AAS; Analytik Jena ZEEnit 700P). The point of zero
charge (pHpzc) was determined by pH drift method [55].

2.4. Adsorption Experiments. Adsorption was performed in
batch experiment. Firstly, for each carbon, 50mg of sample
was added to 100mL of RB5 solution with different concen-
trations in the range of 5-300mg/L. The mixtures were
shaken at 200 rpm at 30°C until the appropriate time was
reached. The concentration of RB5 was measured by an
ultraviolet-visible spectrophotometer at maximum absor-
bance wavelength of 599 nm. The effect of pH on RB5
removal was performed in the range of pH3 to 11, adjusted
by a buffer solution of acetic acid/sodium acetate and
ammonium hydroxide/ammonium chloride at an initial
concentration of 100mg/L. Further, the stability of the
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adsorbent after RB5 adsorption was studied. The amounts
of adsorbed RB5 at equilibrium (qe) were calculated by
Equation (1)

qe =
C0 − Ceð ÞV

W
: ð1Þ

The removal percentage of RB5 was expressed by Equation (2)

%removal =
C0 − Ceð Þ
C0

× 100, ð2Þ

where C0 is the initial concentrations of RB5 (mg/L) and Ce is
the equilibrium concentrations of RB5 (mg/L); V is the solu-
tion volume (L) and W are the weight of adsorbent (g).

2.4.1. Adsorption Isotherm Model. Adsorption isotherm is
used to describe the phenomena that occur during transpor-
tation of adsorbate in bulk solution to the adsorbent surface
at a constant temperature and pH. Moreover, the maximum
adsorption capacity as well as adsorption mechanisms that
involve the interaction between adsorbate and adsorbent at
adsorption equilibrium was described [56, 57]. Langmuir,
Freundlich, and Dubinin-Radushkevich (D-R) models were
used for data analysis.

Langmuir model is used for monolayer adsorption on an
equivalent surface site with an equal sorption activation
energy of each molecule, resulting in homogeneous adsorp-
tion [58]. Langmuir isotherm model is determined by Equa-
tion (3)

qe =
Q0

maxbCe

1 + bCe
, ð3Þ

where Q0
max is the maximum monolayer adsorption capac-

ity (mg/g), qe is the amount of RB5 uptake at equilibrium

(mg/g), and b is a constant related to the affinity between
an adsorbent and adsorbate (L/mg).

Freundlich model is an empirical equation based on
assumption that the adsorption occurs on heterogeneous
surfaces of adsorbent. Freundlich isotherm model [59] is cal-
culated by Equation (4):

qe = KFC
n
e , ð4Þ

where qe is the amount of RB5 uptake at equilibrium (mg/g),
KF is the Freundlich constant (mg/g)/(mg/L), and n is the
intensity parameter (dimensionless), which the magnitude
of the surface heterogeneity is indicated.

D-R model is a semiempirical equation that is generally
applied for an explanation of adsorption mechanism with
Gaussian energy distribution onto heterogeneous surfaces
[57, 60]. D-R model is expressed as follows in Equations
(5)–(7):

qe = qDRe
−KRDε

2 , ð5Þ

ε = RT ln 1 +
1
Ce

� �
, ð6Þ

E =
1ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p , ð7Þ

where qRD is the adsorption capacity (mg/g), KRD is a con-
stant related to the adsorption energy (mol2/kJ2), ɛ is the
Polanyi potential, E is the free energy adsorption (kJ/mol),
R is the gas constant (J/molK), and T is the temperature (K).

2.4.2. Kinetic Adsorption Model. The pseudo-first-order
(PFO) model, the pseudo-second-order (PSO), and the Elo-
vich model are the most widely applied to describe kinetic
process of adsorption and to calculate kinetic constant.

Table 1: Synthesis conditions of samples.

Samples Raw material Chemical activation Carbonization temperature (°C)

MNSC-850 Macadamia nutshell No 850

MMC-650 Macadamia nutshell 0.10M Fe(NO3)3 650

MMC-850 Macadamia nutshell 0.10M Fe(NO3)3 850

Commercial grade Bituminous coal No NR
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Figure 1: Molecular structure of the reactive black 5.
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The PFO rate expression by Lagergren [61] is presented
in Equation (8)

qt = qe 1 − e−k1t
� �

, ð8Þ

where qe1 and qt are the amount of RB5 uptake at equilib-
rium and at any time (t) (mg/g), respectively; and k1 is the
PFO rate constant (1/min), and t is the time (min).

The PSO model [62] is determined by Equations (9)
and (10)

qt =
q2ek2t

1 + k2qet
, ð9Þ

h = k2q
2
e , ð10Þ

where qe2 and qt are the amount of RB5 uptake at equilib-
rium and at any time t (mg/g), respectively; k2 is the rate

constant of the PSO equation (g/mg·min), h is the initial
rate constant (mg/g·min).

Elovich model is widely used to evaluate chemisorption
[63, 64] indicated by Equation (11)

qt =
1
β
ln 1 + αβtð Þ, ð11Þ

where qt is the amount of RB5 uptake at any time t (mg/g),
respectively; α is the initial rate constant (mg/g·min). β is the
desorption constant during any one experiment (mg/g).

Meanwhile, intraparticle diffusion (IPD) model is often
used to describe the mechanism of diffusion process and to
predict the rate-limiting step of the adsorption process
[65]. The adsorption dynamics can be explained by the fol-
lowing three steps: (1) film or surface diffusion of solute
from the bulk solution through to the external surface of
adsorbent, (2) transportation of solute into the interior of
adsorption (intraparticle or pore diffusion), and (3) adsorp-
tion on the interior surface of the adsorbent [66–68]. The

Table 2: The specific surface area, total pore volume, micropore volume, and mesopore volume of MMC-650, MMC-850, MNSC-850, and
CAC.

Samples Type of isotherm SBET [m2/g] Vp [cm
3/g] Vmicro [cm

3/g] Vmeso [cm
3/g]

MMC-650 II 8 0.0010 0.0010 N/D

MMC-850 I+IV 317 0.4546 0.0796 0.4318

MNSC-850 II 49 0.0544 0.0047 N/D

CAC I+IV 1103 0.5861 0.3040 0.1160

Remark: N/D: not determined.
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Figure 2: N2 adsorption-desorption isotherms (77K) of MMC-650, MMC-850, and MNSC-850 (a) and CAC (b).
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last step is rapid, so it was not considered a rate-limiting
step. The IPD model [69] is calculated by Equation (12)

qt = kp
ffiffi
t

p
+ C, ð12Þ

where kp is the rate constant of the intraparticle diffusion
model (mg/g·min1/2) and C is a constant associated with
the thickness of the boundary layer (mg/g).

2.4.3. Thermodynamic Adsorption Models. The thermody-
namic parameters of RB5 adsorption consisted of standard
enthalpy change (ΔH0), standard entropy change (ΔS0),
and standard Gibb’s free energy change (ΔG0). The relation-
ship of ΔG ° to ΔH ° and ΔS ° is described as follows:

ΔG0 = ΔH0 − TΔS0: ð13Þ

These parameters can be estimated by the thermody-
namic laws stated and the van’t Hoff equation [55] in
Equations (14)–(16)

ΔG0 = −RT ln Kc, ð14Þ

ln Kc = −
ΔH0

RT

� �
+
ΔS0

R
, ð15Þ

Kc =
bMWA

γA
× 55:5 × 1000, ð16Þ

where 6 is dimensionless obtained by Langmuir constant
(b); MWA is molecular weight of RB5; γA is solution
density; and the factor 55.5 is the number of moles of
pure water per liter (1,000 g/L divided by 18 g/mol).
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Figure 4: X-ray diffraction (XRD) patterns of MMC-850, MMC-
650, and MNSC-850.
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Figure 3: Scanning electron microscope (SEM) images of MNSC-850 (a, d), MMC-650 (b, e), and MMC-850 (c, f).
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3. Results and Discussion

3.1. Preparation of Magnetic Mesoporous Carbon and
Macadamia Nutshell Carbon

3.1.1. Effect of Fe(NO3)3 and Carbonization Temperature on
Porous Properties. Porous properties of all samples were
investigated by nitrogen adsorption-desorption isotherms
as shown in Figure 2(a). MMC-650 demonstrated type II
isotherm according to the International Union of Pure and
Applied Chemistry (IUPAC) classification [70, 71] indicat-
ing nonporous adsorption. While macadamia nutshell car-
bonized at 850°C (MMC-850), exhibits type I and type IV
isotherms, which suggests a combination of microporous
and mesoporous structure. On the contrary, MMC-650
and MNSC-650 shared type II isotherm. The BET surface
area and pore volume of all samples are presented in
Table 2. MMC-650 and MNSC-850 exhibited small surface
area at approximately 8 m2/g and 49 m2/g, respectively. As
for the MMC-850, high-mesopore volumes were obviously
generated in carbon structure where specific surface area,
micropore volume, and mesopore volume were 317 m2/g,

0.0796 cm3/g, and 0.4318 cm3/g, respectively. The prelimi-
nary results suggested that Fe(NO3)3 chemical activator
together with carbonization at 850°C were crucial factors in
generating pores structure especially mesopores [72, 73].

3.1.2. Effect of Fe(NO3)3 on Surface Morphology. Surface
morphologies of MNSC-850, MMC-650, and MMC-850
are presented in Figure 3. Surface morphologies of MNSC-
850, MMC-650, and MMC-850 were totally different. SEM
micrographs clearly emphasized the role of Fe(NO3)3 on
the tremendous increase of surface area for MMC-650 and
MMC-850 compared to MNSC-850.

3.1.3. Effect of Fe(NO3)3 on Crystalline Arrangement and
Phase Transformation. The crystalline arrangement and
phase transformation of MMC-850, MMC-650, and
MNSC-850 were determined from X-ray diffraction pat-
terns, as shown in Figure 4. Both MMC-650 and MMC-
850 exhibited peak at 2θ around 45°, which corresponded
to metallic Fe (JCPDS no. 03-065-4899) [74, 75]. MNSC-
850 and MMC-650 revealed broad diffraction peaks at 2θ
around 26° and 44°, indicating amorphous carbon (low

2.0

1.5

1.0

0.5

0.0

–0.5

–1.0

–1.5

–2.0
–15000 –10000 –5000 0 5000 10000 15000

Hc (Oe)

40

30

20

10

0

–10

–20

–30

–40

M
s (

em
u/

g)

M
s (

em
u/

g)

MMC-850
MMC-650

Figure 5: Vibrating sample magnetometer (VSM) curves of MMC-850 and MMC-650.

Table 3: Magnetic properties of MMC-650 and MMC-850 and chemical composition of all samples.

Samples Ms (emu/g) Hc (Oe)
Chemical composition

Atomic% Weight%
C O Fe C O Fe

MMC-650 1.49 149 87.37 7.38 5.28 92.97 5.87 1.21

MMC-850 31.48 506.6 72.59 1.61 25.80 91.48 1.52 6.99

MNSC-850 — — 92.32 7.68 — 94.12 5.88 —
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Figure 6: Effect of carbon dosage on RB5 removal (a) and adsorption efficiency (b) of MNSC-850, MMC-850, and CAC.

7Adsorption Science & Technology



MNSC-850

Re
m

ov
al

 (%
)

MMC-850
CAC

Initial concentration (ppm)

0

20

40

60

80

100

5 10 20 40 60 80 100 200 300

Figure 7: Effect of initial concentration on the adsorption of RB5 onto MNSC-850, MMC-850, and CAC.

0

20

40

60

80

100

120

140

160

2 3 4 5 6 7 8 9 10 11 12
Initial solution pH

q e
 (m

g/
g)

MNSC-850
MMC-850
CAC

Figure 8: Effect of pH on the adsorption of RB5 solution onto MNSC-850, MMC-850, and CAC.

Table 4: Isotherm parameters of Langmuir, Freundlich, and D-R models for RB5 adsorption.

Sample
Langmuir Freundlich D-R

Q0
max (mg/g) KL (L/mg) R2 (-) Kf (mg/g)(L/mg)1/n n (-) R2 (-) qDR (mg/g) E (kJ/mol) R2 (-)

MMC-850 (at 30°C) 123.51 0.64 0.9648 53.70 6.09 0.7696 1:39E − 04 11.96 0.9072

MMC-850 (at 40°C) 102.29 0.55 0.9372 49.29 7.03 0.8459 1:15E − 04 12.32 0.9675

MMC-850 (at 50°C) 105.25 0.46 0.9509 52.11 7.50 0.8681 1:13E − 04 13.81 0.9535

CAC (at 30°C) 12.25 0.22 0.9915 5.28 5.82 0.8723 1:34E − 05 12.02 0.9646
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graphitization degree) [76]. As regards MMC-850 presented
a shape peak at 2θ around 26°, suggesting crystalline struc-
ture of graphite (JCPDS no. 01-075-1621). The presence of
iron compounds in amorphous carbon at high temperatures
can cause catalytic graphitization process, transformation of
amorphous carbon into the graphitic structure [40]. Besides,
only XRD pattern of MMC-850 demonstrated peaks at 2θ
around 30.4°, 35.3°, 43.2°, 53.2°, 57.1°, and 62.6°, which cor-
responded to the characteristic peaks of magnetite (Fe3O4)
(JCPDS no. 01-075-0499) [75]. Carbonization temperature
of Fe(NO3)3 impregnated macadamia nutshell obviously
played an important role for full formation of Fe3O4 phase.
Complete magnetite phase was obtained when the suitable
temperature (850°C) was reached.

3.1.4. Magnetic Properties of Magnetic Mesoporous Carbon.
Magnetization curves of MMC-650 and MMC-850 are
shown in Figure 5. The saturation magnetization (Ms) of
MMC-650 was 1.493 emu/g, while the Ms of MMC-850
was up to 31.48 emu/g as shown in Table 3. It can be
explained that the increase in carbonization temperature
resulted in an increase in Fe3O4 content [72] corresponding
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Figure 9: Adsorption isotherm models for RB5 adsorption onto (a) CAC, (b) MMC-850 at 30°C, (c) MMC-850 at 40°C, and (d) MMC-850
at 50°C.

Table 5: Thermodynamics parameter for RB5 adsorption onto
MMC-850.

ΔH ° (kJ/Mol) ΔS ° (kJ/mol K)
ΔG ° (kJ/mol K)

30°C 40°C 50°C

-10.88 0.11 -43.79 -44.85 -45.94
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to higher MS value. Furthermore, the magnetic hysteresis
loop indicated ferromagnetic materials with a strong mag-
netic response to the external magnetic field [36, 77]. Conse-
quently, it can easily be separated from aqueous solutions (as
shown in the inset image of Figure 5). As a result, MMC can
be recycled as an environmentally friendly adsorbent. In
addition, SEM-EDS results were conducted to confirm the
presence of iron compounds. From Table 3, the weight
percentages of C, O, and Fe were 92.97, 5.87, and 1.21 for
MMC-650 and 91.48, 1.52, and 6.99, respectively, for
MMC-850. These results validated the presence of magnetite
and metallic Fe in MMC-650 and MMC-850.

3.2. Adsorption of Reactive Black 5 Dye. The adsorption effi-
ciency of MNSC-850, MMC-850, and CAC was investigated
in batch adsorption tests. CAC was intentionally selected as
an example of activated carbon adsorbents for general
removal of organic contaminants in wastewater treatment
process. Large specific surface area and high micropore vol-
ume of CAC are shown in Table 2.

3.2.1. Effect of Carbon Dosage on RB5 Removal and Adsorption
Efficiency. RB5 adsorption efficiency was investigated using
different amounts of carbon (0.25, 0.50, 1.0, 2.0, and 3.0 g/
L) with an initial concentration of 20mg/L at 30°C for 48
hours. In Figure 6, the more carbon dosage, the higher RB5
removal percentage (from 0.00 to 18.55 percent for MNSC-
850, 63.04 to 99.99 for MMC-850, and 9.00 to 74.14 percent
for CAC, respectively) becomes. In contrast, the adsorption
capacity (qe) of RB5 decreased while the dosage of adsorbents
increased (from 1.56 to 0.00mg/g for MNSC-850, 63.69 to
8.41mg/g for MMC-850, and 8.46 to 5.80mg/g for CAC,
respectively) [37]. The results preliminarily suggest that
mesoporous structure played a key role in RB5 adsorption
from the aqueous solution. At carbon dosage of 3.0 g/L,
commercial-activated carbon (CAC) provided a removal
percentage of 74.14, despite the large specific surface area
and large micropore structure (small mesopore structure).
MMC-850 with a large mesopore structure showed high per-
formance for RB5 removal, which was 97.04% at 0.50 g/L
adsorbent. Therefore, adsorption experiment would be
conducted with 0.5 g/L carbon dosage of MMC-850 for
the rest of this study because of high-removal percentage
(97.04 percent), and reasonable qe value (48.35mg/g).

3.2.2. Effect of Initial Concentration on the RB5 Removal.
Effect of initial concentration on RB5 removal percentage
was examined by initial concentration in the range of 5 to
300mg/L, 0.5 g/L carbon dosage for 72 hours. Figure 7
shows that MNSC-850 had poor removal efficiency (from
4.04 to 0.00 percent), while MMC-850 and CAC showed
decreases in the uptake of RB5 as the initial concentration

increased (from 99.99 to 19.44 percent for MMC-850 and
43.52 to 2.81 for CAC). When the ratio between RB5 and
active site on adsorbent surface is high as a result the
removal percentage was decreased. The greater removal per-
centage at all concentrations and higher removal efficiency
of MMC-850 compared to CAC were presumably due to
the number of mesopores in MMC-850.

3.2.3. Effect of Adsorption pH on the RB5 Removal. The
adsorption pH is an important factor in determining the sur-
face charge of the adsorbent. Figure 8 shows the adsorption
efficiency at pH range 3-11. MMC-850 under acidic condi-
tions showed relatively high adsorption efficiency of
126.70mg/g and 131.80mg/g for pH3 and pH5, respectively.
As the pH increased, the adsorption efficiency decreased due
to the electrostatic interaction force. At adsorption pH < p
Hpzc (6.8), the adsorbent surface was positively charged (pro-
tonation of acidic groups on the adsorbent surface [38]), and
RB5 is negatively charged (deprotonate sulphonate groups;
-SO3

- [39]); thus, affinity was formed between the adsorbent
and the adsorbate through electrostatic interaction [41]. At
pH > pHpzc, adsorption efficiency is reduced due to repulsion
between the negative charge on the adsorbent surface and
RB5. Furthermore, RB5 adsorption efficiency of CAC and
MNSC-850 was slightly changed with pH, approximately
11.13mg/g for CAC and 0.58mg/g for MNSC-850, respec-
tively. Therefore, it can be concluded that the electrostatic
interaction mechanism played insignificant role in RB5
adsorption [42].

3.2.4. Adsorption Equilibrium and Thermodynamics
Adsorption. Table 4 displays parameters from Langmuir
(Q0

max and KL), Freundlich (KF and n), and D-R (qDR and
E) models and R2 values. The experimental data of RB5
adsorption on MMC-850 at 30°C, 40°C, and 50°C were fitted
with the Langmuir model, as shown in Figures 9(b)–9(d),
and the coefficients of linear regression (R2) were 0.9648,
0.9372, and 0.9509, respectively. CAC was also consistent
with the Langmuir model (R2 0.9915) at 30 C°. The results
suggested a monolayer adsorption mechanism between the
absorbent and the adsorbate.

D-R model can determine whether the adsorption mech-
anism was physisorption, ion exchange, or chemisorption
through free energy of adsorption (E) calculations. Physi-
sorption, ion-exchange adsorption, and chemisorption are
represented by E values <8 kJ/mol, 8-16 kJ/mol, >16 kJ/mol,
respectively [78]. In Table 4, the mean adsorption energy
of MMC-850 was 11.96 kJ/mol, 12.32 kJ/mol, and 13.81 kJ/
mol at 30°C, 40°C, and 50°C, respectively; whereas E of
CAC was 12.02 kJ/mol at 30°C. The results showed that the

Table 6: Kinetic parameters of pseudo-first-order (PFO), pseudo-second-order (PSO), and Elovich model for RB5 adsorption.

Sample
Pseudo-first-order (PFO) Pseudo-second-order (PSO) Elovich

k1 (min-1) qe1 (mg/g) R2 (-) k2 (g/mg·min) qe2 (mg/g) h (mg/g·min) R2 (-) α (mg/g·min) β (mg/g) R2 (-)

MMC-850 0.0091 67.47 0.8628 0.0002 71.76 1.0260 0.9263 8.03 0.11 0.9753
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Figure 10: (a) Adsorption kinetic models for RB5 adsorption onto MMC-850; (b) intraparticle diffusion model for RB5 adsorption onto
MMC-850.
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adsorption mechanism of MMC-850 and CAC was an ion-
exchange adsorption process.

The Langmuir model was used to calculate the maxi-
mum monolayer adsorption capacity (Q0 max). MMC-850
and CAC had Q0 max values of 123.51mg/g and 12.25mg/
g at 30°C, respectively. The RB5 adsorption efficiency of
MMC-850 (micropores and mesopores) was significantly
higher than that of CAC (micropores without mesopores).
The RB5 molecule has a dimension of 2:990 nm x 0:857 nm
(Figure 1), which is larger than the micropore diameter
(<2nm), so the mesopores’ role on RB5 adsorption cannot
be overlooked [30]. The effect of temperature on RB5
adsorption was studied. The adsorption capacity of MMC-
850 decreased as the temperature increased from 30 to
40°C, with Q0 max values of 123.51mg/g and 102.29mg/g,
respectively. Then, when the temperature increased from
40°C to 50°C, the adsorption efficiency did not significantly
change. (from 102.29 to 105.25mg/g).

Table 5 presents thermodynamics parameters for RB5
adsorption on MMC-850 at 30°C, 40°C, and 50°C. The neg-
ative value of ΔH ° (-10.88 kJ/mol) suggested an exothermic
adsorption process. Additionally, the type of adsorption was
determined by ΔH ° . The adsorption process was physical if
ΔH ° was less than 42 kJ/mol. However, ΔH ° was higher
than 42 kJ/mol implying the chemical adsorption process.
The positive value of ΔS° indicated the increase in random-
ness at the adsorbent-adsorbate boundary during the
adsorption process. Finally, the negative values of ΔG °

Table 7: Intraparticle diffusion parameter for RB5 adsorption.

Sample Kp,1 (mg/g·min1/2) C1 (mg/g) R2 (-) Kp,2 (mg/g·min1/2) C2 (mg/g) R2 (-)

MMC-850 2.53 8.47 0.9757 0.46 50.16 0.9830

Table 8: Adsorbents for RB5 adsorption.

Adsorbents Q0 max (mg/g) pH Magnetic responsibility Reference

Granular-activated carbon
FILTRASORB 400 (F400)

197.50 NR No [29]

Granular-activated carbon
Darco® 12x20, from lignite

348.00 10 No [30]

Granular-activated carbon
Norit® PK 1-3, from peat

394.00 10 No [30]

Powdered-activated carbon (Merck) 58.82 NR No [31]

Activated carbons from bamboo 441.70 NR No [29]

Activated carbon from textile sludge 11.98 NR No [33]

Activated carbon from palm shell 25.12 2 No [34]

Activated carbon from walnut wood 19.34 5 No [35]

Activated carbon from
Acacia nilotica

41.01 6.5 No [81]

Magnetic-cellulose-PEI (MCPEI) 330.00 7 Yes [82]

Magnetic iron oxide 18.00 NR Yes [83]

MMC-850 106.07 7 Yes This work

CAC 12.25 7 No This work

Remark: NR: no report.

MMC-850 (before)

MMC-850 (after)

Magnetite JCPDS 01-075-0449

Graphite JCPDS 01-075-1621

Fe0 JCPDS 03-065-4899
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Figure 11: X-ray diffraction (XRD) patterns of MMC-850 before
and after RB5 adsorption.
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suggested that RB5 adsorption on MMC-850 was a sponta-
neous process at 30°C, 40°C, and 50°C.

3.2.5. Adsorption Kinetic of RB5. The adsorption kinetic and
dynamic of RB5 on MMC-850 were investigated by kinetic
rate models, pseudo-first-order (PFO), pseudo-second-
order (PFO), and Elovich models. R2 value and parameters
calculated by the PFO (k1 and qe1), the PSO (k2, qe2, and h
), and Elovich (α and β) model are listed in Table 6. A plot
of the amount of RB5 adsorbed (mg/g) versus contact time
at 100mg/L and constant temperature of 30°C is presented
in Figure 10(a). At the initial 1.0260mg/gmin adsorption
rate (h), the amount of RB5 uptake (mg/g) increases with
increasing contact time. In Figure 10(a), the experimental
data was well-fitted with the Elovich model, with the R2

value of 0.9745.

3.2.6. Intraparticle Diffusion Model. The intraparticle diffu-
sion model is used for describing the adsorption mechanism
and rate-limiting step. According to Weber and Morris [69];
when the regression of qt versus t

1/2 is a straight line and
passes through the origin, intraparticle diffusion is the rate-
limiting step. Figure 10(b) reveals 2 straight lines, implying
that adsorption occurred in two steps. The first and second
steps were surface or film diffusion and adsorption, respec-
tively. Although intraparticle diffusion was not the rate-
limiting step, RB5 adsorption process was controlled by film
diffusion and intraparticle diffusion [65]. R2 value and other
parameters (K id, C) are listed in Table 7.

3.2.7. Adsorption Mechanisms of RB5 Adsorption. Mecha-
nisms for cationic dye adsorption included electrostatic
attraction, hydrogen bonding formation, n – π interaction,
pore filling, and π – π interaction [30, 42, 79, 80]. MMC-
850 was examined for changes in porosity properties after

RB5 adsorption. Subsequently, the dominant mechanism
of RB5 adsorption was pore filling, which was observed
by the decrease in porosity. The Vmeso of MMC-850 drasti-
cally decreased after RB5 adsorption (from 0.4318 to
0.1743 cm3/g) as well as the SBET (from 317 to 62.57m2/g),
while Vmicro was slightly reduced. (from 0.0796 to
0.0200 cm3/g). This evidence supported the idea that meso-
pore structure plays a key role in RB5 adsorption. Therefore,
it can be concluded that pore filling was dominant mecha-
nism for RB5 adsorption.

From Section 3.2.3, RB5 adsorption efficiency of MMC-
850 slightly changed when the solution pH changed. There-
fore, it was suggested that the electrostatic interaction mech-
anism was negligible in RB5 adsorption. In addition, π – π
interactions between the aromatic ring in the RB5 structure,
as shown in Figure 1, and C=C in the graphite structure was
supported by prior studies in adsorption of RB5 onto acti-
vated carbon adsorbents and adsorption of methylene green
(MG5) onto CAC (Norit RB4C) [30, 42].

3.2.8. MMC-850 as RB5 Adsorbent Compared to Others. RB5
adsorbents consisting of commercial-activated carbon, acti-
vated carbon from waste materials, and magnetic iron oxide
as well as polyethyleneimine and cellulose on magnetic
nanoparticles (MNPs) are listed in Table 8. However, carbon
precursor of magnetic mesoporous carbon (MMC-850) is
made from agricultural waste, providing them both inexpen-
sive and renewable adsorbent. Besides, MMC-850 is consid-
ered as high potential as RB5 adsorbent in term of low cost,
sustainability, facile, and green preparations by using only
one Fe(NO3)3 chemical activator. Furthermore, RB5 adsorp-
tion by MMC-850 was conducted at pH7 which is consid-
ered environment friendly process since no added chemical
is required for pH adjustment. Moreover, MMC-850 can
be easily separated from wastewater treatment afterward.
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Figure 12: Thermal regeneration of RB5 onto MMC-850 at four cycles (condition: initial concentration 10mg/L, carbon dosage 0.5 g/L,
temperature 30°C, and time 72 hours.).
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The future scale up of RB5 adsorption by MMC-850 by col-
umn packing is highly possible due to the strength of maca-
damia nutshell.

Remark: NR: no report.

3.3. Stability of Adsorbent after Adsorption Process. The
stability of MMC-850 after RB5 adsorption was quantified
by the amount of iron leached into solution during the
adsorption process and crystalline structure of iron com-
pounds in the adsorbent structure after the adsorption pro-
cess. The result showed that the leaching content of iron
was less than 0.50mg/L in solution. Furthermore, the XRD
patterns of MMC-850 after RB5 adsorption were identical
to MMC-850 before RB5 adsorption, as illustrated in
Figure 11. Therefore, magnetite and iron in the MMC-850
structure had negligible loss.

3.4. Thermal Regeneration of Spent Magnetic Mesoporous
Carbon. The reversibility of adsorption was examined using
a thermal regeneration experiment [84]. The spent magnetic
mesoporous carbon was pyrolyzed under a nitrogen atmo-
sphere at 400°C for 2 hours to decompose RB5 within the
structure. For each cycle, the regenerated carbon was
retested for adsorption efficiency at a RB5 concentration of
10mg/L and 30°C. According to Figure 12, the removal per-
centage of RB5 decreased slightly from 99.47% in the first
cycle to 98.95% in the second cycle. By the third cycle of
the experiment, the RB5 removal percentage rapidly reduced
to 77.48%, possibly due to a change in the pore structure
within the absorbent material. At the end of the fourth cycle,
the percentage of RB5 removed declined continuously from
77.48 to 68.92. It was observed that thermal regeneration
was effective in degrading RB5.

4. Conclusion

Magnetic mesoporous carbon from macadamia nutshell
(MMC-850) is a promising adsorbent in terms of facile
preparation, low cost, and sustainability. Fe(NO3)3 and
high-lignin content macadamia nutshell were carbonized
at 850°C to generate magnetic mesoporous carbon that
can be easily separated from RB5 adsorption system. It
can be preliminarily concluded that mesopores on MMC-
850 played a crucial role for RB5 adsorption. The isotherm
and kinetics adsorption models of RB5 removal by MMC-
850 were Langmuir and Elovich, respectively. The intra-
particle diffusion model suggested that RB5 adsorption
onto MMC-850 was influenced by multisteps, film diffu-
sion, and intraparticle diffusion. Thermodynamic studies
described RB5 adsorption on MMC-850 as a spontaneous
process and an exothermic adsorption process. The domi-
nant mechanism of RB5 removal on MMC-850 was pore
filling. MMC-850 is not only an effective adsorbent for
RB5 removal, but it can also be easily regenerated through
thermal regeneration.

Abbreviations

α: Initial rate constant (mg/g·min)

β: Desorption constant during any one experiment
(mg/g)

γA: Is solution density
b: Constant related to the affinity between an

adsorbent and adsorbate (L/mg)
C: Constant associated with the thickness of the

boundary layer (mg/g)
Ce: Equilibrium concentrations (mg/L)
C0: Initial concentrations (mg/L)
E: Free energy adsorption (kJ/Mol)
Fe(NO3)3: Iron (III) nitrate nonahydrate
ΔG°: Standard Gibb’s free energy change
h: Initial rate constant (mg/g·min)
ΔH°: Standard enthalpy change (kJ/Mol)
IPD: Intraparticle diffusion
k1: PFO rate constant (1/min)
k2: PSO rate constant (g/mg·min)
kp: Rate constant of the intraparticle diffusion model

(mg/g·min1/2)
Kc: Dimensionless that obtained by Langmuir

constant
KF: Freundlich constant (mg/g)/(mg/L)
KRD: Constant related to the adsorption energy

(mol2/kJ2)
MWA: Molecular weight of RB5 (g/mol)
n: The intensity parameter
pHPZC: Point of zero charge
qe: The amounts of adsorbed RB5 at equilibrium

(mg/g)
qt: The amount of RB5 uptake at any time (mg/g)
qRD: The adsorption capacity (mg/g)
Q0

max: Maximummonolayer adsorption capacity (mg/g)
R: Gas constant (J/molK)
RB5: Reactive black 5
SBET: Specific surface area (m2/g)
ΔS°: Standard entropy change (ΔS0)
T: Temperature (K)
t: Time (min)
Vmicro: Micropore volume (cm3/g)
Vmeso: Mesopore volume (cm3/g)
V: Solution volume (L)
W: Weight of adsorbent (g).
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