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In this work, starch-derived spherical carbon (HC) was prepared by hydrothermal carbonization and further
activated with microwave assistance to obtain the target activated carbon (HMAC). The samples were
characterized by methods of N, adsorption—desorption, Brunauer—Emmett—Teller analysis,
transform infrared spectroscopy, X-ray photoelectron spectroscopy, elemental analysis and scanning
electron microscopy. Moreover, HMAC has a high BET surface area of 616.8 m? g~*. The effects of initial

Fourier

naphthalene concentration, contact time, temperature, and pH of the naphthalene adsorbed on HC and
HMAC were investigated systematically. The HMAC exhibits higher capability for naphthalene removal than
HC, and the equilibrium adsorption quantity of HMAC was 223.03 mg g™t at 303 K. The kinetic data
revealed that the equilibrium time for naphthalene adsorption on samples was achieved at 40 min. The
adsorption process of HC and HMAC for naphthalene both followed the pseudo-second-order kinetic and

Freundlich isotherm models. Additionally, H-bond and m—m interactions were proposed to be involved in
Received 23rd February 2019

Accepted 7th April 2019 the adsorption process. An increasing adsorption amount of naphthalene onto HC and HMAC was observed

when the pH value varied from 2 to 10. The HMAC can be successfully regenerated and maintained
DOI: 10.1039/c9ra01386e sorption performance after three cycles. This study revealed that HMAC obtained by hydrothermal synthesis

rsc.li/rsc-advances combined with microwave-assisted activation has a promising application in the field of naphthalene removal.
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1. Introduction

Naphthalene is one of the 16 polycyclic aromatic hydrocarbons
(PAHs) included in the Environmental Protection Agency (EPA)
list. Hydrocarbons and other organic compounds, such as
petroleum, coal, and biomass, are the most extensive sources of
naphthalene.® In recent years, naphthalene has attracted more
and more attention due to its high toxicity, mutagenicity, and
carcinogenicity.”> Naphthalene can be transported long
distances in water then enriched in soil and living organisms,
and is difficult to be effectively degraded by biodegradation
because of its chemical stability.?

Compared with various physicochemical
pollutant removal, adsorption is an effective method for the
removal of naphthalene owing to its capability for efficiently
adsorbing different kinds of contaminants and simplicity of
design.* Researchers have developed a series of adsorbents for the
removal of pollutants in liquid phase at present, such as modified

methods for
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ligno-cellulosic,” dry waste biofilms,® dried biomass,” calcined
oyster shells,® wheat straw® and persea based-activated carbon.™

Activated carbons (ACs) possess a high specific surface area,
porous character and chemical nature of the surface, so have
been widely used as absorbents in recent years.* There are
many reports on the use of inexpensive, readily available, green,
renewable, and carbon-rich valuable by-product materials such
as lignocellulosic," chitosan,*” fructose,’® and starch' to
prepare AC by enabling technologies. Hydrothermal carbon-
ization is considered as an ideal process among several
approaches to synthetic carbon materials due to its low-cost,
low environmental impact, and the characteristic of contribu-
tion to hydrolysis, dehydration, decarboxylation, condensation,
polymerization, and aromatization of saccharides in solution.
As far as we know, various materials have been used as
precursors for production of hydrochars, such as fructose,
coffee husk,' algal biomass,* cellulose,” bamboo sawdust,*
and pine.”” In addition, starch and its derivatives as typical low-
cost substances can be used in hydrothermal synthesis of
carbon materials and applied to the fields of electrochemistry,
engineering and biomedicine.?***

During the carbonization process, subcritical water reacts
with starch and transforms into lower molecular weight, such as
glucose, which further degrades into furan-based intermedi-
ates.'® Then, the spherical conjugated aromatic carbonaceous
materials were formed via a complex series of reactions

This journal is © The Royal Society of Chemistry 2019
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including polycondensations and Diels-Alder type reac-
tions.'®*® Abundant surface functional groups of hydrochars
related with precursors and adopted in the hydrothermal
carbonization process. However, without the use of any suitable
soft- or hard-templates, the obtained carbon materials are
nonporous.'®*® Therefore, it is necessary to activate hydro-
thermal carbon via further treatment.

The property of the carbon materials was closely correlated to
the activation process. During the activation process, the heating
method played a key factor for the physicochemical properties of
AC.”® As to traditional heating methods, such as inefficient heat
transfer methods, time-consuming, and high economic burden
has been observed. However, microwave heating is widely used as
a promising alternative method because of its distinctive
advantages like selective, rapid, uniform, energy-saving, and
raising the yield, which converted heat into the particles of
materials by dipole rotation and ionic conduction in a short time.
Microwaves-assisted activation to prepare AC have been
studied.”*** Microwave irradiation can avoid the thermal
gradient produced in the traditional heating process. This
thermal gradient will hinder the release of pyrolysis gas to the
surrounding environment, which makes some volatile compo-
nents remain in the sample, further leading to the blockage of
micropore, and ultimately reducing the performance of activated
carbon. Meanwhile, microwave irradiation can also improve the
C/O ratio of AC by changing the proportion of oxygen-containing
functional groups.?® According to C. Cheng et al. and X. Ge et al.,
microwave irradiation can adjust the pore structure and surface
functional groups of AC to obtain high performance adsorbents
for removal of adsorbates in aqueous solutions.?**°

In the present work, starch is used as a precursor by hydro-
thermal synthesis to form of carbon material (HC), which was
further activated by microwave-assisted irradiation with potas-
sium hydroxide (KOH) to obtain the final activated carbon
sample (HMAC). Naphthalene adsorption on HC and HMAC
were evaluated N, adsorption-desorption, Brunauer-Emmett-
Teller analysis (BET), Fourier transform infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), elemental
analysis and scanning electron microscopy (SEM) were used to
determine the physicochemical properties of starch-derived
carbons. The adsorption kinetics, equilibrium adsorption,
activation energy, thermodynamics, adsorption mechanisms,
pH influence and regeneration effects of naphthalene on HC
and HMAC in aqueous solution were all studied to identify the
adsorption properties and mechanisms.

2. Materials and methods
2.1 Materials

Starch was purchased from Tianjin Shengao Chemical Reagent
Co., Ltd., China. The naphthalene was obtained from Shanghai
Tianlong Chemical Co., China. Sulfuric acid and hydrochloric
acid were bought from Tianjin Fengchuan Chemical Reagent
Technology Co., Ltd. Potassium hydroxide and ethanol were
purchased from Tianjin Guangfu Science and Technology
Development Co., Ltd. And all chemical reagents and chemicals
were of analytical grade.

This journal is © The Royal Society of Chemistry 2019
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2.2 Preparation of HC and HMAC

Starch as a precursor was used to obtain a novel carbon material
by hydrothermal synthesis. 25 g starch and 25 mL of deionized
water are mixed in hydrothermal reactor, adjust the reaction
solution pH to 3 with sulfuric acid (1.0 mol L"), and then
heated at 473 K for 24 h in an oven. It was collected and noted as
HC.

The above HC was further activated by KOH in a microwave
oven (MM823LA6-NS) under vacuum atmosphere. The micro-
wave power and microwave time was set as 700 W and 15 min,
respectively. The further activated samples was collected and
washed with 10% hydrochloric acid and then washed with
distilled water until no further pH change and dried for 4 h at
383 K,>* the activated production was noted as HMAC.

2.3 Characterization methods

2.3.1 BET surface area and pore size analysis. Surface area
and pore size of the HC and HMAC sample were measured
using a Micromeritics ASAP 2020 surface area analyzer by
nitrogen adsorption-desorption method. The samples were
degassed under N, flow at 308 K for 6 h before adsorption
isotherms were generated by N, at 77 K. The surface area (Sggr)
was calculated with the BET equation, and the total pore volume
(Vy, m® g~ 1) was obtained from the adsorption isotherm at P/P,
= 0.95. Micropore specific surface area (Sy;c) and volume (Vp;c)
were obtained using #-plot method.® The average pore size (r)
was estimated by the eqn (1):*

S BET

2.3.2 FTIR analysis. FTIR measurements was performed by
mixing a certain amount of samples with KBr powder and
grinded in pellets then adopted a PHI5700 ESCA spectropho-
tometer to investigate the chemical surface characterization of
the HC and HMAC. The FTIR spectra was recorded with
a4 cm™ ! resolution and an acquisition rate of 20 scans per min
in the infrared domain between 4000 and 400 cm .1t

2.3.3 XPS analysis. The XPS analysis was conducted using
a PHI5700 ESCA system equipped with a Mg Ko X-ray source
(1253.6 eV) under a vacuum pressure < 10~° Pa. Wide scans were
conducted from 0 to 1000 eV with a pass energy of 50 eV.?

2.3.4 Elemental analysis. Elemental analysis of carbon,
hydrogen, nitrogen, and sulfur of HC and HMAC samples were
performed using a Vario EL cube analyzer. This process is based
on the instantaneous and complete oxidation of the sample at
high temperature. The oxygen content was determined by
difference method.*"*

2.3.5 SEM analysis. SEM (JEOL, JSM-6490LV, Japan) was
also employed to study the textural structure of the raw material
and its equivalent after the activation process. The morphology
of HC and HMAC was characterized by SEM with a secondary
electron beam and an acceleration voltage of 8 kV. The samples
were coated with gold to ensure suitable conductivity of parti-
cles after having been dried overnight at 353 K under vacuum.™
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2.4 Batch adsorption experiment

Batch adsorption studies were conducted by mixing 0.015 g of
HC or HMAC with 100 mL of naphthalene solution of known
concentrations, and agitated under 140 rpm until equilibrium
were achieved. The effect of adsorption parameters as follows
initial naphthalene concentrations (10-50 mg L™'), contact
time (0-80 min), temperature (288-318 K), pH (2-10) on the
adsorption capacity of HC and HMAC were investigated. In
addition, the regeneration experiment of HMAC was also be
performed. Adsorption and regeneration determination were
conducted in duplicates.

The adsorption capacity (mg g~ ') of naphthalene on HC and
HMAC were calculated according to the following equation:**

g = =S @)

m

where C, and C. (mg L™ ") are the naphthalene concentrations at
initial condition and at a certain time ¢ (min), respectively, V (L)
is the volume of solution; m (g) is the mass of AC, ¢. (mg g~ ") is
the amount adsorbed per unit weight of adsorbents; and C, (mg
L") is the equilibrium concentration in the aqueous solution.

2.5 Adsorption kinetic and isotherm models

The pseudo-first-order (PFO, eqn (3)), pseudo-second-order
(PSO, eqn (4)) and Elovich (eqn (5)) kinetic models were inves-
tigated to describe the adsorption equilibrium between adsor-
bate and adsorbent of the naphthalene-adsorbent system.*?

K
In (ge —q,) =In g — ﬁ(le (3)
t 1 t
PR PR @
A L 5)
q: = g 3

where g. and ¢, (mg g~ ") are the adsorption amounts of naph-
thalene on to the adsorbents at equilibrium and at time ¢ (min),
respectively. K; (min~") and K, (g (mg~" min~")) are the kinetic
rate constants. The « is the initial adsorption rate (g
(mg~" min™")), and g is related to the extent of surface coverage
and the activation energy for chemisorption (g mg™").

The mass transfer mechanism of adsorption was identified
by using Weber and Morris model (eqn (6)), and Boyd model
(eqn (7)) as follows:"*

1
g =Ket2+C (6)

—ln(l - "—> = Kt 7)
where K, (mg (g~ min~"?)) and Ky (min ") are rate constants
for intraparticle diffusion and liquid film diffusion,
respectively.

The experimental data of the equilibrium research were
fitted by Langmuir (eqn (8)), Freundlich (eqn (9)), and Temkin
(eqn (10)), and the residual root-mean squared error (RMSE)
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function values was determined adopting eqn (11), which were
written as:

C. 1 1
—=—C.+ 8
qe Gm quL ( )
1
Ing. =In KF+E In C, 9)

ge=BlnA+ Bln C,

N 1/2
Z(qc,cxp - qc‘ca])/(N - 1):| (11)

N=1

(10)

RMSE =

where ¢, (mg g™ ') is the maximum sorption capacity of naph-
thalene; g. (mg g~ ') is the adsorption amounts of the naph-
thalene onto the adsorbents at the equilibrium time; Ky, (L
mg ') and K¢ (L mg™") are the Langmuir and Freundlich
constants, respectively; n is constant related to the adsorption
intensity; B = RT/b, with b (J mol™"), A (L mg™ "), R (8.314 ]
(mol™" K™)), and T (K) are the parameters of Temkin isotherm
models, which were related to the heat of sorption, equilibrium
binding constant, gas constant, and absolute temperature,
respectively. And N represents the number of experiments.

2.6 Adsorption thermodynamics

The activation energy (E,, k] mol ) of naphthalene adsorption
onto adsorbents was obtained from Arrhenius eqn (12):*®
E,
RT

InK,=InA4 - (12)
where K, is the rate constant of pseudo-second-order adsorp-
tion, A is the Arrhenius constant, and R (8.314 J (K" mol™")) is
the universal gas constant and T (K) is the adsorption system
temperature.

Furthermore, the thermodynamic parameters of Gibbs free-
energy change (AG, k] mol "), enthalpy change (AH, k] mol ™)
and entropy change (AS, J (K" mol ")) were calculated to
evaluate the thermodynamic feasibility and the spontaneity of
the adsorption process. The thermodynamic equations of
naphthalene adsorption onto adsorbents were written as
follows:"*

AG = —RTIn Ks (13)
AG = AH — TAS (14)
AS AH

where Ky is the adsorption equilibrium constant in eqn (9) for
naphthalene and R (8.314 J (mol™* K™ ")) is the universal gas
constant. AG was obtained by employing eqn (13), while AH and
AS were calculated from the slope and intercept of the plots of
In Ky versus 1/T, respectively.*

2.7 Effect of initial pH

The pH of adsorption system was set as 2, 4, 6, 8, and 10 to
investigate the influence of pH on the adsorption capacity of

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 N, adsorption—desorption isotherms and pores size distribution of HC (a) and HMAC (b).

adsorbents. 0.015 g adsorbents were added to 100 mL naph-
thalene solution with different pH in 250 mL sealed-conical
flask and then fixed in a constant temperature-shaker under
140 rpm at 303 K.

2.8 Regeneration of HMAC

In order to investigate the regenerate of spent HMAC, 0.015 g of
fresh HMAC was mixed with 100 mL, 30 mg L™ ' naphthalene
solution under 140 rpm at 303 K. Furthermore, the spent HMAC
was immersed in ethanol (=98) with the assisted of ultrasound
for 1.5 h followed by vacuum drying at 373 K for 12 h and then
used for regeneration experiment under the same adsorption
conditions as fresh samples.”

3. Results and discussion
3.1 Characterizations of the HC and HMAC

3.1.1 N, adsorption-desorption isotherms. The N,
adsorption-desorption isotherms on HC and HMAC at 77 K
were measured for BET analysis (Fig. 1).*> HMAC isotherm
shown a higher porosity than that of HC, which was classified as
the type IV with a type-H, hysteresis loop according to the
IUPAC classification.? In addition, the pores size distribution of
HC and HMAC were also shown in Fig. 1, both of their pore size
were within the mesoporosity range (2-50 nm) of the IUPAC
classification.® The analysis results revealed the BET surface
area of HMAC was higher than that of HC (Table 1), indicating
that activation with KOH significantly promotes the specific

Table 1 The BET analysis for HC and HMAC

Parameters HC HMAC
BET specific surface area (m> g™ %) 8.9 616.8
Micropore specific surface area (m* g™ ') — 522.65
External specific surface area (m” g~ ') 8.5295 94.1835
Total pore volume (m* g™ ") 0.0058 0.3273
Micropore volume (m*® g™*) — 0.2554
Average pore size (nm) 2.62 2.12

This journal is © The Royal Society of Chemistry 2019

surface area of HC and enriches its pore structure.>? This result
was similar with the previous report.” Meanwhile, high
micropore specific surface area, external surface specific area,
and total pore volume of HMAC, may be beneficial for the
adsorption of naphthalene in the solution.

3.1.2 FTIR analysis. FTIR spectrum is used to identify the
chemical composition of materials.'* Some insignificant changes
were observed on the HC and HMAC spectrum (Fig. 2), such as
broadening of some bands and spectral shifts. A peak at
3423 cm™ ' was observed in the HC and HMAC spectra and can be
attributed to the typical stretching vibrations of O-H groups,
including hydrogen interactions.* The peak at 2920 cm™" in all
the FTIR spectra was characteristic of C-H stretching vibrations,
suggesting the presence of alkane/alkene groups on the activated
carbons surface.” The difference in the intensity of the 1700 and
1590 cm™ " for two samples is attributed to the C=O0 stretching
vibration of non-aromatic carboxyl groups with higher intensity
in the HC spectrum resulting from the partial dehydrogenation
during hydrothermal treatment.* The peak at 1650 cm™" was
ascribed to the (O-H) bending of tightly bound water present in
the starch.'® The sharp peaks at 1384 cm™ ' in the starch-based
carbon materials spectra indicates S=O stretching vibrations,
due to the presence of sulfate or sulfonyl groups, which were
expected since sulfuric acid was used in the synthesis of these
materials.** The peaks at approximately 1170 cm ™' represented
the C-O vibrations of various oxygen-containing groups. The
bands around 800-500 cm ™ can be attributed to C-H and CH=
CH, stretching vibrations in aromatic structures.’> Based on
these results, various functional groups were formed on the
surface of HC by hydrothermal treatment. Before and after
microwave-assisted chemical activation, the main oxygen-
containing groups on the HMAC and HC surface are hydroxyl
and carboxyl groups. The slight changes in the peak strength of
these two functional groups after activation may be attributed to
the formation of volatile gases, such as CO and CO, during
heating process,*”* which will affect the chemical adsorption of
naphthalene by HMAC to a certain extent.

3.1.3 XPS analysis. XPS analysis provides valuable infor-
mation on the surface chemistry composition of the HC and

RSC Adv., 2019, 9, 11696-11706 | 11699
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Fig. 2 FTIR spectra of HC and HMAC.

HMAC by measuring the binding energy of electrons associated
with atoms.*® The Gaussian-Lorentzian function after baseline
subtraction using Shirley's method was adopted for the further
analyzing of the O 1s spectra. Fig. 3a presents the survey XPS
spectra of HC and HMAC, and two main peaks were identified
and named as C 1s and O 1s. It can be seen that the oxygen
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content decreases and the carbon content increases after acti-
vation, which indicates that the proportion of some oxygen-
containing functional groups decreases via microwave irradia-
tion. X. Ge et al. have also reported similar results.* For HC and
HMAC, which deconvolution of the O 1s spectra presented four
peaks corresponds to C=0, C-O, R-O*-C=0, and C-OOH,
respectively (Fig. 3b and c¢).>” The parameters of peak position
and different O 1s components for HC and HMAC are
summarized in Table 2. Compared with HC, there were obvi-
ously weaken in the four peaks at O 1s was observed on HMAC,
which suggested that the reduce in the total oxygen-containing
functional groups after activation. It was consistent with C 1s
spectra analysis. Moreover, it can be observed that the propor-
tion of C=0 in HMAC sample significant increases in Table 2,
which can enhance the adsorption capacity of naphthalene in
aqueous solution by the interaction of -7 bonds with naph-
thalene molecules.

3.1.4 Elemental contents analysis. The elemental analysis
was designed to obtain the chemical composition and contents
of the HC and HMAGC," the analysis results were shown in Table
3. As expected, the (O + N + S)/C ratios of HC and HMAC are
0.4802 and 0.4051, respectively, this result suggested that the
polarity order is HC > HMAC, and their the order of hydro-
phobicity is HMAC > HC. Therefore, HMAC owned more affinity
for hydrophobic substrates than HC, which was attributed to
the hydrophobicity of the materials decreased when the O/C

200000 (1) ——HC——HMAC
= 150000 O1s
s
'g 100000
=
2
=
50000 |
0 A 'S A A |
1200 800 400 0
Binding Energy (eV)
(b) HC (© HMAC
& z
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= =
2 2
= 0Q) =
538 536 534 532 530 528 540 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Fig. 3 XPS survey scans (a) and O 1s profiles of HC (b) and HMAC (c).
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Table 2 Assignments and peak parameters of different O 1s compo-
nents of HC and HMAC

Concentration of

each sample (%)
Binding energy -

Component Assignment (eV) HC HMAC
0O(1) C=0 531.2 14.66 20.95
0(2) c-0 532.4 26.68  22.69
0O(3) R-O*-C=0 533.3 30.42 25.96
0(4) O*=C-OH 534.3 2824  30.40

ratio increases from 0.4002 to 0.4735. Reduced oxygen content
of HMAC indicated the reduction of acidic oxygen functional
groups or the introduction of basic groups into the surface of
HMAC due to the microwave heating.* These results are
consistent with the FTIR analysis.

3.1.5 SEM analysis. The morphology of the HC and HMAC
were obtained by SEM images. Fig. 4a depicted dense stacked
smooth and complete carbon microspheres,* suggesting that
starch was well carbonized and the adsorption mainly occurs on
the surfaces of carbon microspheres and their gaps, which also
explains the low adsorption quantity of naphthalene on HC.*
HMAC has a developed pore structure and most of the carbon
microspheres are destroyed (Fig. 4b), which was attributed to
the soluble products and gas or organic volatile matter formed
during the microwave irradiation-assisted activation process.*?
The increase of micropore content on HMAC surface will
provide more adsorption sites, which will contribute to naph-
thalene removal, thus leading to its excellent adsorption
performance.

3.2 Adsorption kinetics of naphthalene on HC and HMAC

The investigation of adsorption kinetics aims to describe the
rate of naphthalene adsorption on HC and HMAC and obtain

Table 3 The elemental analysis of HC and HMAC
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the equilibrium time."® Fig. 5 shows the sorption kinetics curves
of naphthalene on the HC and HMAC, and pseudo-first-order
(eqn (3)), pseudo-second-order (eqn (4)), and Elovich (eqn (5))
kinetic models were applied to analyze the adsorption data. The
results are listed in Table 4 for further understanding the
adsorption kinetic process, the best kinetic model could be
identified by the high correlation coefficient R> and low RMSE
values. It was observed the adsorption reach to equilibrium
after 40 min for both HC and HMAC. And in comparison, the
latter obviously exhibited more excellent adsorption capacity of
naphthalene, which may be due to the improvement of pore
structure and surface hydrophobicity of HMAC by microwave
irradiation-assisted activation.”**° No prominent relationship
between pseudo-first-order model and experimental kinetic
data was observed towards R”. In contrast, the higher R? values
of pseudo-second-order kinetic model showed that the kinetics
data were well fitted. Similar results have been reported by other
researchers.> The value of g, Was in agreement with ge cal
while the initial naphthalene concentrations varied from 10 to
50 mg L.

3.3 Equilibrium isotherms of naphthalene adsorption on
HC and HMAC

The adsorption isotherms was used to contact the naphthalene
concentration in the adsorption system with the adsorbed
amount of naphthalene at the interface and as an unit opera-
tion to evaluate the applicability of the adsorption process.™
Adsorptions isotherms of HC and HMAC were obtained by
performing naphthalene solution with the concentration of 10-
50 mg L~ (Fig. 6). The experimental data of HC and HMAC were
analyzed by Langmuir, Freundlich, and Temkin isotherm
models to obtain information about the nature of adsorp-
tion.'>'"'* Parameters of these isotherms, such as the maximum
adsorption capacity (may), the determination coefficient (R),

Samples N% C% H% S% 0, diff% N/C H/C o/C (0 +N +8)/C
HC 0.02 62.98 6.78 0.40 29.82 0.0003 0.1077 0.4735 0.4802
HMAC 0.07 67.84 4.68 0.26 27.15 0.0100 0.0690 0.4002 0.4051

28/APRI/18

Fig. 4 Scanning electron micrographs of HC (a) and HMAC (b).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Naphthalene adsorption kinetics curves of HC (a) and HMAC (b) at 303 K.
Table 4 Adsorption kinetic parameters of naphthalene onto HC and HMAC at 303 K
Models HC HMAC
Co (mg LY 10 20 30 40 50 10 20 30 40 50
Gexp (mg g’l) 11.4 29.1 52.9 65.3 81.9 62.3 120.9 158.9 193.8 223.1
PFO Ge,cal (Mg g™ h) 7.9 24.2 23.3 32.6 38.1 50.1 95.5 110.3 115.2 133.4
K (min_l) 0.1559 0.2695 0.2510 0.2347 0.2706 0.1884 0.1198 0.2524 0.0958 0.1571
R* 0.95 0.91 0.87 0.97 0.91 0.97 0.92 0.90 0.99 0.98
RMSE 9.5 12.3 17.1 18.9 15.4 14.5 13.8 12.0 10.0 10.8
PSO Ge,cal (Mg g™ h) 12.0 31.1 53.8 66.7 83.3 64.7 129.6 161.3 204.1 225.6
K, 0.0222 0.0075 0.0163 0.0100 0.0104 0.0032 0.0012 0.0074 0.0012 0.0014
R? 0.99 1.00 0.99 1.00 1.00 1.00 0.99 1.00 0.99 1.00
Ge,cal (mg gfl) 11.7 32.5 57.0 68.5 88.1 65.9 122.2 167.0 185.5 221.4
RMSE 3.1 3.3 3.9 5.2 4.5 3.5 3.2 6.7 5.5 6.8
Elovich  (1/8)In(ef) (mgg™")  3.85 6.74 29.88 35.56 45.80 14.70 23.14 106.16  79.04 100.14
1/8 1.8 5.9 6.2 7.5 9.7 11.7 22.6 13.9 24.3 27.7
R? 0.94 0.94 0.94 0.96 0.95 0.97 0.97 0.96 0.85 0.88
RMSE 10.9 11.3 14.6 11.0 16.7 15.5 13.1 16.2 16.0 16.1

Langmuir constant Kj, Freundlich constant Ky, and RMSE
values were summarized in Table 5. The Freundlich isotherm
model both of HC and HMAC were possessed highest value of
R* among the three models, which revealed that the equilibrium
experimental data could be better depicted by this model,
a similar result was obtained using different ACs." Additionally,
the 1/n of HMAC was in the ranges of 0-1.0, while the HC has
higher value of 1/n (>1) than HMAC, demonstrating that HMAC

sof @

exhibited excellent adsorption capacity for naphthalene
removal compared with HC. All adsorption isotherms were
nonlinear (Fig. 6), resulting in the heterogeneous adsorption
sites on the HMAC and the different dominant interactions like
hydrogen bonding and hydrophobic interactions between
adsorbate molecules and adsorbents in the sorption process.*
Based on this result, we can conclude that the activation with
KOH was significantly improved the adsorption capacity of HC.

250

)

0 Il Il L ]
0 10 20 30 40 0 4 8 12 16 20
C, (mgL") C,(mgL™)

Fig. 6
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Equilibrium adsorption isotherms of naphthalene on HC (a) and HMAC (b) samples.
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Table 5 Langmuir, Freundlich, Temkin isotherm model constants and correlation coefficients of naphthalene adsorption on HC and HMAC at

303 K

Models HC HMAC

Temperature (K) 288 303 318 288 303 318

Gmax (Mg g7 Y) 16.05 7.19 3.58 277.78 256.41 238.10

Langmuir isotherm model Ky (Lmg ™) 0.032 0.034 0.033 0.295 0.342 0.525
R? 0.77 0.80 0.73 0.97 0.99 0.96
RMSE 9.1 11.7 9.7 9.0 9.9 9.6

Freundlich isotherm Ke (Lmg ™) 1.767 1.699 1.616 75.008 64.354 58.038

model 1/n 1.05 1.17 1.40 0.42 0.46 0.44
R? 0.99 0.99 0.99 1.00 0.99 1.00
RMSE 5.5 3.4 2.8 3.8 3.7 4.5

Temkin isotherm model A(Lmg ) 0.17 0.15 0.12 4.02 4.72 6.61
B 18.6 34.0 34.5 53.8 49.3 47.6
R? 0.94 0.97 0.95 0.96 0.99 0.82
RMSE 13.5 12.9 14.2 11.9 14.0 13.2

Thus, starch is a good source for producing preparation an
efficient microporous AC with a high capacity for the removal of
naphthalene.

3.4 Adsorption thermodynamics and activation energy

Table 6 shows the calculated thermodynamic parameters for
naphthalene adsorption on HC and HMAC. The negative values
of AG declared that adsorption process was spontaneous and
thermodynamically unfavorable.”> A Van't Hoff plot of In Ky
versus 1/T provides the AH and AS values. Furthermore, the
negative value of AH confirms that the adsorption process is
exothermic, agreeing with many reports involving the adsorp-
tion of naphthalene on ACs.>* The positive value of AS suggests
an increase in randomness at the adsorbent-liquid interface
during naphthalene adsorption, with possible interaction
between adsorbate molecules and HC or HMAC.” The
randomness or random distribution of sites covered by the
adsorbate molecules at the solid-liquid interface were also
increased, as indicated by the positive AS values. The activation
energy (E,) was determined using Arrhenius equation as
expressed in the eqn (12). A straight line with a slope of —E,/R

for HC or HMAC was obtained from In K versus 1/T plot for the
calculation of E,.**

The values g. of naphthalene on different adsorbents were
compared, HMAC prepared from coal powder by KOH activa-
tion under microwave irradiation in this study is a potential
adsorbent for the removal of naphthalene from aqueous solu-
tion (Table 7).

3.5 Adsorption mechanisms

Whereas Boyd model and Weber-Morris model"* were adopted to
further identify the adsorption mechanisms and the rate limiting
steps involving the removal of naphthalene with HC and HMAC.
It is generally considered that the intraparticle diffusion is
a dominant the adsorption process on porous adsorbent.*®

Fig. 7 suggested the linearly fitted of the experimental data
using intraparticle diffusion and film diffusion models. And the
parameters of these two models were listed in Table 8. The sorp-
tion process of naphthalene on HC and HMAC can be to three
steps according Fig. 7a, suggesting that pore diffusion was not only
the rate-controlling step and other mechanisms were also involved
in the adsorption process.” In the first stage, the fitting straight

Table 6 Thermodynamic parameters for the equilibrium adsorption of naphthalene in aqueous solution onto HC and HMAC

AG (k] mol )

Samples AH (k] mol™) AS (J mol ' K7Y) E, (k] mol ™) 288 K 303 K 318 K
HC —3.82 1.48 34.51 —1.36 —-1.33 —-1.27
HMAC —6.53 13.19 7.70 —10.34 —10.49 —10.74
Table 7 Comparison of adsorption of naphthalene on various activated carbons

Adsorbents Initial concentration (mg L") Temperature (K) Adsorption capacity (mg g™ ") References
Modified coal-based AC 30 303 144.7 3

Modified zeolite 1 303 0.3 34
Modified walnut shells 25 298 7.2 35
ZnS-NPs-AC 50 298 142.7 36
Modified hazelnut shell 25 298 17.3 37

HMAC 30 303 160.7 This work

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Plots of intraparticle diffusion (a) and film diffusion model (b) for the adsorption of naphthalene onto HC and HMAC at 303 K.

Table 8 Intraparticle diffusion and film diffusion parameters of naphthalene on HC and HMAC at 303 K

Intraparticle diffusion model Film diffusion model
Samples Kp1 (mg g~ min~"?) Ky, (mg g~ " min~"?) Kps (mg g~ min~"?) (Ry)? (Ry)? (Rs)? Kpe (min ™) R?
HC 30.42 11.41 0.99 0.98 0.93 0.99 0.1091 0.93
HMAC 102.52 4.82 0.99 0.99 0.91 0.99 0.1096 0.94

line was passed through the origin, indicating that there was no
boundary layer effect and intraparticle diffusion may be the rate-
limited step during the adsorption. Meanwhile, the higher value
of K;,; shown a faster initial sorption rate of naphthalene on HMAC
than that of HC, this result proves that HMAC is an efficient
adsorbent for naphthalene removal. The low (R,)> and high
intercept value in the second stage suggesting that the intraparticle
diffusion was not the only rate-limited step, the external diffusion
and the boundary layer diffusion may also effect on the sorption
process. And the much smaller value of K, attributed to adsorp-
tion equilibrium were reached gradually which was occurred by
intra-particle diffusion of naphthalene within HC and HMAC.
Therefore, both external mass transfer and intra-particle diffusion
were considered existence during the adsorption processes of
naphthalene onto HC and HMAC.*

Additionally, the adsorption process can be based on the
donor-acceptor complex mechanism or m-m dispersion inter-
actions. The donor-acceptor complex mechanism involves
carbonyl oxygen of the carbon surface as donor and the
aromatic ring of the naphthalene as an acceptor. The presence
of oxygen groups of the HC and HMAC surface enables forma-
tion of hydrogen bonds with naphthalene molecules.?®

3.6 Effect of pH on adsorption capacity of naphthalene on
HC and HMAC

There were obviously increase for naphthalene adsorption on
HC and HMAC when rising the solution pH from 2 to 10 (Fig. 8).
At low pH, the electric double layer changes its polarity, which
causes a decrease in the adsorbents surface charge density and
electrostatic force of attraction, resulting in the low adsorption
capacity of HMAC. Meanwhile, the presence of high concen-
trations of OH™ ions at high pH increasing the negative charge

11704 | RSC Adv., 2019, 9, 11696-11706

on the HC and HMAC surface where cation attraction and
cation exchange processes would take place.*** The increase of
negative charge on adsorbent surface enhances the electrostatic
attraction of naphthalene, thus increasing the adsorption
capacity of HMAC and HC to naphthalene.*?

3.7 Regeneration of HMAC

The recyclability regeneration of AC is important in water or
wastewater treatment. There are many reports about the
successful regeneration of spent AC by organic solvents.*'***
The spent HMAC regenerated by using alcohol impregnation
was carried out five consecutive adsorption-regeneration cycles
for the removal of naphthalene (Fig. 9). The adsorption capacity
of naphthalene kept relatively stable adsorption performance

160 p =——HMAC

<120
o0
)
£
-
=
S0P
40 'l 'l 'l 'l 'l
2 4 6 8 10
pH
Fig.8 Influence of solution initial pH on naphthalene adsorption onto HC

and HMAC (naphthalene concentration: 30 mg L™, contact time: 80 min).
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Fig. 9 Reusability of HMAC for the adsorption of naphthalene
(naphthalene concentration: 30 mg L™, contact time: 80 min) after
solvent washing.

after three adsorption cycle. Therefore, HMAC could be
considered to be a relatively cheap, recyclable, and efficient
adsorbent for the removal of naphthalene from water.*

4. Conclusions

Starch as a promising precursor to prepare a novel and low-cost
AC for the removal of naphthalene via hydrothermal synthesis
and microwave-assisted activation. According to the experi-
mental results, HMAC is possessed well-developed pore struc-
ture, high BET surface area, and great microporosity, and both
HC and HMAC exhibited fast rate of adsorption for naphthalene
followed the pseudo-second-order rate model. Additionally,
HMAC exhibited a better adsorption performance for naph-
thalene than HC. The investigation of equilibrium adsorption
showed that the Freundlich isotherm model had a reasonably fit
the experimental data and the maximum naphthalene multi-
layer adsorption capacity on HMAC was 225.6 mg g . The
adsorption processes of naphthalene on HMAC and HC were
spontaneous and exothermic process. The hydrophobic inter-
actions were likely to dominate mechanism. An increased
adsorption amounts of naphthalene on HC and HMAC was
observed when pH varied from 2 to 10. Moreover, the HMAC
could be successfully regenerated and with stable sorption
capacity after three cycles. This work indicated that hydro-
thermal synthesis of starch as well as subsequent chemical
activation under microwave-assisted is an alternative to prepare
AC with high adsorption capacity of naphthalene.
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