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Abstract

The efficient/low-cost activated carbons were prepared from inedible fruits such as
Cerbera odollam Gaertn, Terminalia catappa, Ficus lyrata, Couroupita guianensis
Aubl and Hevea brasiliensis as well as biochars of Combretum quadrangulare and
Leucaena Leucocephala (LL). The physical and chemical activation processes were
applied to improve the Fe** adsorption efficiency. As obtained results, LL heated
at 500 °C for 2 h (LL502) exhibited best performance for Fe** adsorption with a g,
value of Fe** (28.18 mg/g). The physicochemical properties of LL502 such as BET
surface area, total acid-base amount and pH,,. were 247.3 m?/g, 2.2647 meq/g and
8.49, respectively. Moreover, the adsorption behaviors of Fe** onto the surface of
LL502 were found to be monolayer, physisorption and rapid adsorption processes
which could be confirmed by Langmuir and Dubinin—Radushkevich isotherms and
pseudo-second order kinetic models, respectively. Adsorption thermodynamics also
indicated that the Fe®* adsorption processes were endothermic and spontaneous in
nature. In addition, 98% of iron removal from ground/surface water was success-
fully achieved by using LL502. The quality of ground/surface water was acceptable
based on comparison with a water quality standard. This research was as expected
since as-prepared low-cost adsorbent could be verily applied in a practical treatment
process.

P4 Panya Maneechakr
panya.m@rsu.ac.th

Surachai Karnjanakom
surachai.ka@rsu.ac.th

Department of Chemistry, Faculty of Science, Rangsit University, Mueang, Pathumthani 12000,
Thailand

@ Springer


http://orcid.org/0000-0002-9629-5055
http://crossmark.crossref.org/dialog/?doi=10.1007/s11164-019-03851-y&domain=pdf

4584 P. Maneechakr, S. Karnjanakom

Graphical abstract

Fe3* adsorption onto surface of as-prepared adsorbent

q, (mg/g)

2

0 10 20 30 40 50 60 70 80

Inedible fruit  (min)

L

Activated carbon

D
Physical and chemical activation

Biochar

Keywords Iron - Adsorption behavior - Low-cost activated carbon - Inedible fruit -
Ground/surface water

Introduction

Iron (Fe) has been very important for human life because of the demand on forma-
tion of red blood cells. The Fe deficiency directly results in anemia while in the case
of receiving too much amount of Fe, internal organs of the body such as the liver
and pancreas may be destroyed as well. Moreover, Fe has been identified as a toxic
metal of environmental concern, which can be easily found in ground/surface water.
For industrial processes, the existence or deposition of Fe with a high amount in the
water system could lead to several problems such as turbid water, tube failure and
slag formation in boilers [1]. In fact, concentration amounts of Fe in ground/surface
water should not exceed over 0.5 mg/L which is reported by the U.S. Environmental
Protection Agency (EPA) and the World Health Organization (WHO) [2]. Therefore,
Fe removal from the environment is a necessary goal, and it should be considered
from now on.

Several techniques for removal of metal ions have been reported such as coagu-
lation or co-precipitation by chemical reagents, filtration membranes, ion-exchange
and others [3-6]. However, some disadvantages of these techniques are high cost
of equipment and chemical, chemical consumption of large amounts, insufficient
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removal of metal, complications in large-scale, and they may create residual haz-
ardous by-products. Adsorption procedure has proved to be a reliable/efficient tech-
nique for toxic/heavy metal removal from wastewater [7]. Currently, widely used
absorbent is activated carbon, which presents cost-effective, high porosity, high
degree of surface property and excellent adsorption capability [8]. The increasing
or modification of surface area also promotes the metal adsorption performance.
Thus, the utilization of activated carbon for Fe removal from wastewater is interest-
ing in current research. In general, the commercial activated carbon (ACC) consist-
ing of high surface area and porosity is used in industrial processes for wastewa-
ter treatment. However, considered from the economical point of view, it requires
high temperature for pyrolysis and activation procedures, leading to high production
cost. Recently, it is found that its excellent performance had been solely limited for
adsorptions of non-polar molecules (reactive dye or iodine) and organic compounds
(lipids or phenols) while polar molecules including cations and anions are quite low
[9]. Based on the abovementioned, it is necessary to develop activated carbon which
has high selectivity for the adsorption of metal ions from wastewater.

In this work, efficient/low-cost activated carbons were prepared from two kinds
of feedstocks: (I) carbonized carbon derived from inedible fruits such as Cerbera
odollam Gaertn (COG) Terminalia catappa (TC) Ficus lyrata (FL) Couroupita gui-
anensis Aubl (CGA) and Hevea brasiliensis (HB), and (II) biochar of Combretum
quadrangulare (CQ) and Leucaena Leucocephala (LL). It should be noted that
these types of carbon feedstocks were selected due to their being abundantly avail-
able in Tropical-wet landscapes such as Thailand and other countries [10]. Moreo-
ver, they also showed high carbon content and adsorption capacity. The as-prepared
adsorbents from the abovementioned were further activated via physical (heat-
ing) and chemical (H;PO, and KOH) processes, and also compared with ACC for
removal efficiency of Fe’*. After the activation process, it was expected to expand
the amount of carbonyl group on activated carbon with the presence of lone pair
electrons which could serve as a Lewis base. Shen et al., 2008 [11] reported the rea-
sonable presence of a carbonyl group with a lone pair electron (Lewis base), lead-
ing to well adsorption of metal cations (Lewis acid) via attraction by electrostatic
force with the generation of co-ordinate covalent bond. The physical and chemical
properties of as-prepared adsorbents such as BET surface area, functional group,
acidity-basicity, morphology and pH,,. were investigated in detail. The adsorption
behavior was systematically studied for various factors such as surface chemistry,
isotherms, kinetic models, and thermodynamics. This research is expected to obtain
high performance low-cost adsorbent for Fe adsorption/removal from aqueous solu-
tion including ground/surface water in the environment.

Experimental
Materials and reagents

Carbonized carbon derived from inedible fruits such as Cerbera odollam Gaertn
(COG) Terminalia catappa (TC) Ficus lyrata (FL) Couroupita guianensis Aubl
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(CGA) and Hevea brasiliensis (HB), and biochar of Combretum quadrangulare
(CQ) and Leucaena Leucocephala (LL) were collected in Thailand and utilized as
adsorbent feedstocks for production of activated carbon. Proximate analysis was
performed to determine the moisture, ash, volatile matter and fixed carbon of each
feedstock using ASTM D2867-95, D2866-94. Commercial activated carbon (ACC)
was purchased from Sigma Aldrich (Fluka 05120). All chemical reagents used
were of analytical grade and purchased from Merck and Sigma Aldrich Compa-
nies. FeCl;-6H,0 and I, solutions were prepared at concentrations of 130 mg/L and
0.2 mol/L, respectively.

Preparation of low cost-adsorbent
Study of the optimum temperature

The inedible fruits placed in confined containers were heated at 400, 450 and 500 °C
for 1-3 h under the atmosphere. Then, they were crushed and sieved through a 400
mesh sieve before the adsorption procedure. Here, for instance, carbonized carbons
obtained from the carbonization process of COG, TC, FL and CGA at 400 °C for
1 h were denoted as COG-401, TC-401, FL-401 and CGA-401, respectively. For
biochar of CQ and LL, they were also crushed and sieved through a 400 mesh sieve
at first, and then heated at 500 °C for 1-5 h. Here, for instance, carbonized carbons
obtained from the carbonization process of CQ and LL biochar at 500 °C for 1 h
were denoted as CQ-501 and LL-501, respectively.

Study of the chemical activation process

The 3 g of selected carbonized carbon was mixed with 30%w/w of H;PO, solution
or KOH pellet at different weight ratios of carbonized carbon to H;PO, or KOH such
as 1:2, 1:3, 1:4 and 1:5, and then activated at 400, 450 and 500 °C for 1-3 h. Finally,
the obtained samples were washed with distilled water until neutral pH. Here, for
instance, activated carbons obtained from chemical (H;PO, and KOH) activation
processes at 400 °C for 1 h were denoted as ACP-401 and ACK-401, respectively.

Adsorbent characterization
Surface area, morphology and element

The surface area of as-prepared adsorbent was measured by using a Quantachrome
instrument (NOVA 4200e, USA) at liquid N, temperature of —196 °C usinthe g
Brunauer—-Emmett-Teller (BET) method. Before N, sorption analysis, all samples
were degassed at 150 °C for 4 h. The adsorbent morphology and the existence of
absorbed metal species such as Fe on adsorbent were observed using a scanning
electron microscope (SEM S-4800; Hitachi) equipped with an energy dispersive
spectroscopy (EDS). Before the SEM observation, the dried sample was dispersed
on carbon tape supported on a stub and then pretreated by Pt sputtering.
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Surface functional group and total acidity-basicity

The presence of each functional group on the surface of prepared adsorbent was
verified by Fourier transform infrared spectrometry (FT-IR) using a PerkinElmer
Spectrum 100 FT-IR spectrometer in the range of wavenumber between 4000 and
500 cm~!. The amounts of acidic and basic functional groups on adsorbent were
determined by the Boehm titration method [12]. In brief, to quantify the amount
of carboxylic, lactone and phenolic groups, 0.5 g of adsorbent was added into
25 mL of 0.1 mol/L NaOH, 0.1 mol/L Na,COj; and 0.1 mol/L NaHCOj; solutions.
Then, it was stirred at a speed of 150 rpm with a temperature of 30 °C for 24 h,
and titrated with 0.1 mol/L HCI solution. For the basicity test, the adsorbent was
added into 25 mL of 0.1 mol/L HCI solution and then titrated with 0.1 mol/L
NaOH solution.

Determination of point of zero charge (pH,,)

A total of 0.1 g of adsorbent was added into 25 mL of 0.1 mol/L NaCl and then pH
was adjusted to remain within the range between 1 and 9 [13]. The mixture solution
was stirred at a temperature of 303.15 K for 30 min with a speed of 150 rpm. After
complete stirring, the mixture solution was measured for surface charges by a pH
Eutech instrument, pH 7.00 with the uncertainty of +0.1.

Adsorption studies

All the adsorbents prepared from the abovementioned were syntactically investi-
gated to find the optimum conditions for Fe>* adsorptions before further studies on
isotherms, kinetic models and thermodynamic adsorptions. In a typical procedure,
0.1 g of adsorbent was added into 25 mL of 130 mg/L Fe** and stirred at a speed
of 150 rpm with a temperature of 303.15 K for 30 min. Meanwhile, the study on
adsorption of 0.05 mol/L I, was also performed under the same conditions with the
Fe*™ adsorption process. After the finishing procedure, adsorbents were separated
by filtration, and the obtained solutions were then analyzed to find the remaining
concentrations of Fe** and I,. The concentrations of Fe*™ were analyzed using a
1, 10-Phenanthroline method on a UV-Visible spectrophotometer at a wavelength
of 510 nm (Genesys 20) while I, concentration was determined by titration with
S,0,%" solutions. The amount of adsorption at equilibrium (g,, mg g~") was calcu-
lated according to Eq. (1) [14]:

(CO - Ce)V

, ey
M

qe =
where C, is the equilibrium concentration of the Fe** (mg/L), C, is the initial con-

centration of Fe*™ (mg/L), V is the volume of the solution (L) and M is the mass of
adsorbent (g).
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The details of adsorption isotherms, kinetics and thermodynamics are provided in
Figs. 3, 4, 5 and Table 7.

Qualitative analysis of ground/surface water before and after adsorption
processes

The 4 g of LL502 was added into 500 mL of ground water or surface water and
stirred at a speed of 150 rpm with a temperature of 303.15 K for 60 min. It should
be noted that ground/surface water samples were collected in Bangkok, Thailand.
After finishing process, LL502 were separated by filtration and the obtained solu-
tions were then analyzed to find the remaining concentrations of Fe** including
water quality indicators such as pH, hardness and CI™ using Standard Methods for
the Examination of Water and Wastewater 18" Edition 1992.

Results and discussion

Effect of physical activation for production of carbonized carbon and activated
carbon

Table 1 shows the results of proximate analysis of each inedible fruit. One can see
that all kinds of inedible fruits had high volatile matter contents, indicating the
presence of organic substances in high amounts that could be easily decomposed
at high temperature. Also, the percentages of fixed carbons and moistures derived
from all samples were not so much different. Considering on semblance of all sam-
ples, TC and FL had the same feature (soft outer shell/hard inner shell), which was
contrasted with HB (hard outer shell/soft inner shell). For COG and CGA, they
had bigger shape than other samples. Table 2 shows characteristics of each adsor-
bent physically activated at 400-500 °C for 1-3 h based on I, and Fe** adsorp-
tions. It should be mentioned here that I, was also applied as an adsorbate in this
study in order to check the polarity on the surface of as-prepared adsorbent. One
can see that TC501 had maximum values of I, adsorption (552.93 mg/g) and Fe**
adsorption (23.67 mg/g), and followed by COGS501 at the amounts of I, adsorption
(537.22 mg/g) and Fe* adsorption (21.25 mg/g). In the case of biochar (CQ and
LL), as shown in Table 3, CQ exhibited lower adsorption capacities of I, and Fe**
than LL, probably due to the existence of carbon composition with higher tightness.

Table 1 Proximate analysis of

Proximat lysis (wt T FL A HB
various kinds of inedible fruits roximate analysis (wi%)  COG ¢ €6

Moisture 18.88 17.25 1735 18.75 1525
Ash 4.65 346 355 423 276
Volatile matter 50.83 59.65 59.1 52.87 63.74
Fixed carbon® 25.64 19.64 20.00 24.15 1825

*Fixed carbon was determined from mass difference
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Here, tightness values calculated from CQ and LL powders were 0.47 and 0.42 g/
mL, respectively. Considering on break-even point, the weight loss in a sample was
obviously decreased to some extent with an increase in the activation time, result-
ing in the increasing of adsorption performance. As expected, the maximum val-
ues of I, adsorption (561.39 mg/g) and Fe** adsorption (28.91 mg/g) were found
for LL503. However, in order to save energy for the activation process, LL502 was
selected to replace LL503 since their adsorption capacities of Fe’* were a small dif-
ference. After finishing adsorption processes, all filtrates were tested by SCN™ with
[FeIII(CN)6]3_ solutions. One can see that the blue color of Fe3+[FeH(CN)6]_ solu-
tion clearly appeared as in Egs. (2) and (3), indicating that Fe** could be reduced
into Fe** [9]. Meanwhile, Fe** could also serve as an oxidizing agent for increasing
the oxygen groups on the surface of adsorbent. It should be noted that no red color
of Fe(SCN)** solution was found for all filtrates as in Eq. (4).

K*(aq) + Fe**(aq) + [FelI(CN)6]4‘(aq) — K*Fe’* [Fe"(CN)] (aq)  (2)
Fe’*(aq) + e~ — Fe’*(aq) (3)

[Fe(H,0),| ™ (aq) + SCN~(ag) — [Fe(H,0).SCN|*"(aq) + H,O)  (4)

Interestingly, as shown in Table 3, ACC presented the highest I, adsorption
capacity (1057.55 mg/g) when compared with other samples, resulting from its
highest surface area and porosity. Unfortunately, a lowest Fe’* adsorption capacity
(11.93 mg/g) was obtained obviously. This phenomenon could be attributed to lower
polarity on the surface of ACC than the biochar activated at 500 °C for 1-5 h. From
these results, TC501 and LL502 were selected for further study.

Effect of chemical activation by H;PO, and KOH

Table 4 shows characteristics of each adsorbent chemically activated at 400-500 °C
for 1-3 h based on I, and Fe®* adsorptions. For activation by H;PO,, TC501-
H;PO, chemically activated at all conditions exhibited I, and Fe’* adsorption
capacities in the range of 501.93-560.89 mg/g and 21.03-24.66 mg/g, respectively,
which had no significant difference, comparing to TC501 (I,=552.93 mg/g) and
(Fe’*=23.67 mg/g) in Tables 2 and 3. In the case of LL502-H;PO, chemically
activated at 400 °C for 3 h with weight ratios of adsorbent to H;PO, (1:5), higher
adsorption capacities of I, (752 mg/g) and Fe’* (28.35 mg/g) were obtained when
compared with LL502 (I,=505.69 mg/g and Fe’*=28.18 mg/g). For activation by
KOH, one can see that lower efficiency for I, adsorption was found for TC501-KOH
chemically activated at all conditions when compared with TC501. In this study,
a maximum adsorption capacity (28.55 mg/g) for Fe’* was also obtained using
LL502-KOH chemically activated at 500 °C for 1 h with weight ratios of adsor-
bent to KOH (1:5). Based on above results, even though the chemical activation by
H;PO, and KOH resulted in improving the I, and Fe** adsorption efficiencies, they
were not so suitable since a few of increasing capacity were obtained in this study.
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Moreover, it required large amounts of water for washing of acid-base during acti-
vation process. Therefore, LL502 without chemical activation was selected for fur-
ther study. It should be noted that unsuitable conditions for the chemical activation
process occurred, as, for instance, surface/porous structure of activated carbon was
destroyed when too much acid or base might be applied.

Properties of as-prepared adsorbent

To confirm the adsorption behavior/efficiency of Fe** onto adsorbent, functional
groups, pH,,. values and textural properties were investigated, and the results are
shown in Table 5. Here, the total functional groups of each adsorbent were in the
order of LL-502- H;PO,>LL-502>LL>ACC. As observed, total acid amount
was higher than total basic amount which corresponded to pH,,. value of ACC
(<7), indicating that the surface of ACC had acid properties. In contrast, accord-
ing to pH,,. value of LL (>7), its surface had basic properties based on total acid
(0.5635 meq/g) and base (1.3640 meq/g) amounts. Interestingly, for LL502 and
LL502-H;PO,, carboxylic and phenolic groups were reduced to some extent by
converting into CO, while a lactone group occurred from structural rearrangement
from the hydroxyl group into the carbonyl group and total acid-basic amounts were
obviously increased, comparing with LL to without activation process [15]. This
may be one reason for promoting the Fe** adsorption efficiency by increasing the
lactone group. Moreover, one can see that all adsorbents presented values of pH,,
(5.55-8.49) > pH of Fe** (in the mixture solution of Fe** and adsorbent), indicat-
ing that the adsorbent surface was well predominated by negative charge, leading
to a possibility for Fe** adsorption. In addition, LL-502 had the highest pH,,. value
of 8.49 while the lowest pH,,,. value of 5.55 was found for ACC, resulting in better
Fe* adsorption ability for LL-502.

As shown in Table 5, the surface area was evidently increased after LL was acti-
vated, resulting in the increasing of Fe** adsorption ability. In the case of ACC,
even though it had much higher surface area than the other one, Fe** adsorption
ability was very low, resulting from the presence of lower total acid-basic amounts.
Figure 1 shows FT-IR spectra results of as-prepared adsorbents. It is found that the
bands at wavenumbers of 3500, 2900, 1650, 1030 cm™' clearly appeared for all
adsorbents which could be attributed to the vibrations of -OH, N-H/C-H, C=0 and
C-0, respectively [16-18]. As observed, the higher intensity peak of C=0 derived
from LL502 was found when compared with other one, especially for ACC, leading
to better Fe®* adsorption efficiency. Figure 2 shows the SEM-EDS result of LL502
after Fe>* adsorption. As expected, iron species were well adsorbed with homogene-
ous dispersion on the surface of LL502.

Qualities of ground/surface water
Table 6 shows the analysis results of ground/surface water before and after the adsorp-

tion process using LL502. It is found that values of pH, hardness and Cl~ subsisted
in ground/surface water, except for Fe content, and did not exceed the water quality
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Fig. 1 FT-IR spectra of various adsorbents

standard. After treatment by the adsorption process, Fe content in ground/surface water
was decreased from 2.5 mg/L into 0.05 mg/L (98% of Fe removal in ground water)
and from 2.0 mg/L into 0.05 mg/L (98% of Fe removal in surface water), which were
passable values in water quality standards. Moreover, the hardness value also decreased
significantly. In addition, C1~ content was slightly decreased after the treatment pro-
cess, suggesting that the surface of LL502 had pH,,.>pH of ground/surface water.
This result could be also verified so that the existence of negative charge on the LL502
surface promoted adsorptions of metal cations including Fe**, while its efficiency for
adsorption of C1™ anion was low in this study.

Adsorption isotherm, kinetic and thermodynamic

Studying the adsorption behaviour was simulated by the equilibrium isotherms of
Langmuir, Freundlich, and Dubinin—Radushkevich based on varying concentrations of
Fe** solution (Fig. 3). For the Langmuir isotherm model, it was applied to point out
the assumption of monolayer adsorption onto a surface containing a finite number of
adsorption sites without interaction between adsorbed molecules on neighboring sites
and transmigration of adsorbate in the plane of the surface [19]. The linear model of
Langmuir isotherm is provided by the following Eq. (5):

C. 1 1

9e dmaxK  gmax

Ce, &)
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Fig.2 a SEM image, b EDS Electron Image 1
mapping and ¢ EDS spectrum of
LL502 after Fe** adsorption

0.1 C_] I Map Sum Spectrum

©

cps/eV

2 4 6 keV

where C, is the equilibrium concentration of the Fe** (mg/L), ¢, is the amount of
adsorption at equilibrium (mg/g), g, is the Langmuir maximum adsorption capac-
ity of Fe* per unit mass of LL502 (mg/g) and K is the Langmuir constant related to
the adsorption equilibrium (L/mg).
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Fig. 3 a Equilibrium adsorption, b Langmuir, ¢ Freundlich and Dubinin—Radushkevich adsorption iso-
thermd of Fe** onto LL502. Relative combined expanded uncertainty tSE is < +0.03 mg/g (0.95 level of
confidence). The initial concentration of adsorbate (C,,) of Fe**=90-140 mg/L 25 mL, adsorbent=0.1 g,
time (#) =30 min and temperature (7)=303.15 K

For Freundlich isotherm model, it was applied to point out the assumption of
multilayer/physical adsorption with non-uniform distribution of heat over heteroge-
neous surface of adsorbent [20]. The linear model of a Freundlich isotherm is pro-
vided by the following Eq. (6):

log g, = log Ky + % log C,, 6)
where Ky is the Freundlich constant related to the adsorption capacity (mg/g(l/
mg)'") and n is the intensity of adsorption and constants incorporating the factors
affecting the adsorption capacity.

For the Dubinin—Radushkevich model, it was applied to define the adsorption
mechanism and nature based on porosity attendance free energy [21]. The linear
model of the Dubinin—Radushkevich isotherm is provided by the following Eq. (7):

Ing, =Ing, — Be?, 7)
where g, is the theoretical saturation capacity (mg/g), B is the Dubinin—Radushk-

evich constant related to biosorption energy (mol?*/kJ) and £ is the Polanyi potential
which can be calculated by the following Eq. (8):
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1
e—RTln<1+Ee>. 8

Meanwhile, the free energy of adsorption (£, kJ/mol) was also calculated by the
following Eq. (9):

Here, the magnitude of E might useful for estimating the mechanism of the
adsorption reaction. It should be mentioned here that the physical force and ion
exchange mechanism may affect the adsorption mechanisms at E<8 kJ/mol and
E=28-16 kJ/mol, respectively.

Figure 3b—d and Table 7 shows the equilibrium isotherms determined from lin-
ear models for Fe’* adsorption using LL502 at mild conditions. Considering the R*
value, the adsorption results were well-fitted with the Langmuir isotherm (R2 >0.99)
and also found to be greater than that of the Freundlich isotherm (R?=0.9763), indi-
cating monolayer adsorptions of Fe** (Lewis acid/positive charge) onto the LL502
surface (with the existence of a lone pair electrons/Lewis base derived from a total
functional group as well as negative charge based on pH,,.>7) via electrostatic
force with the generation of a co-ordinate covalent bond. Here, a g,,,,, value obtained
from Fe**, adsorption using LL502 was 32.89 mg/g. For the Dubinin—-Radushkevich
isotherm, it could be also considered since its R? value (>0.99) was obtained. Also,
its E value of Fe’* adsorption was 0.6561 kJ/mol which was lower than 8 kJ/mol,
corresponding to physical adsorption [22]. Meanwhile, g, value calculated from the
Dubinin—Radushkevich isotherm (33.71 mg/g) was rather close to the g,,, value
calculated from the Langmuir isotherm (32.89 mg/g), indicating the accuracy of the
applied model via the monolayer-physisorption process.

In order to describe this in terms of adsorption rate, the kinetic study of Fe**
adsorption on LL502 was simulated with linear equations of pseudo-first order and
pseudo-second order which were given by the following Eqgs. (10) and (11), respec-
tively [23, 24]:

log (¢, — ¢q,) =logq, - (10)

23037

t 1 1

o od 4 (1D
where g, and g, (mg/g) are the amount of Fe** at equilibrium and at any time,
respectively. k; and k, are the pseudo-first order and the pseudo-second order rate
constants, respectively. ¢ is the contact time (min).

Figure 4a show the adsorption performance of Fe>* onto LL502 at different contact
times. Here, a rapid initiative adsorption was started at a contact time of 3 min, then
gradually increased and became close to equilibrium within 30 min. This phenomenon
might be explained on the existence many adsorption sites with adequate vacant sites in
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Fig. 4 a Effect of contact time,
b Pseudo-first-order and ¢
Pseudo-second-order kinetics
of Fe** adsorption onto LL502.
Relative combined expanded
uncertainty tSE is < +0.02 mg/g
(0.95 level of confidence). The
initial concentration of adsorb-
ate (C,) of Fe** =120 mg/L

25 mL, adsorbent=0.10 g, time
(£)=3-70 min and temperature
(1)=303.15K
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the inception phase. In addition, the saturation points of absorption sites of LL502 were
well reached at the time extended. To obtain more details on adsorption rate, as shown
in Fig. 4b and c, Table 7, the pseudo second-order kinetic model for Fe** adsorption
mechanism over LL502 showed excellent linearity with a high correlation coefficient
(R*=0.9999) while a pseudo first-order kinetic model was not close to 1, probably
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due to occurrence of very fast Fe’* adsorption. In addition, the calculated q. values
(29.15 mg/g) were also very close to g, values (28.32 mg/g) derived from the experi-
mental result, confirming that this selected model had high accuracy.

In order to get more information on performance of LL502, its adsorption ther-
modynamic was studied at temperatures of 303.15-328.15 K. As shown in Fig. 5, an
increase in the adsorption temperature could promote the adsorption efficiency of Fe**
on LL502, suggesting the nature ofthe endothermic adsorption process. In addition,
higher temperature could enhance a better diffusion rate of Fe’* across the external
boundary layer and in the internal pores of the LLL502 structure, as well as decrease the
viscosity of the mixture solution. The parameters of adsorption thermodynamics such
as standard enthalpy (AH, kJ/mol), standard entropy (AS, J/mol K) and Gibbs standard
free energy (AG, kJ/mol) at different temperatures were also determined using the fol-
lowing Egs. (12)—(15) [25]:

CO - C
Ce
AG = —RTInKj,, (13)
Fig.5 a Effect of temperature 30
and b thermodynamics of 20.8 1 (A)
Fe** adsorption onto LL502. ] - —
Relative combined expanded 29.6
uncertainty tSE is <+0.03 mg/g - 1
(0.95 level of confidence). The L0 29.4 ]
initial concentration of adsorb- g’ 29.2 4
ate/(C,) of Fe*™ =120 mg/L = 1
25 mL, adsorbent=0.10 g, time/ = 29 '
(£)=60 min and temperature 28.8 -
(1)=303.15-328.15 K .
28.6 1
284 T T T
303.15 313.15 323.15 328.15
Temperature (K)
7
1B
®
54 o \
F 44 TS
M S
£ 3 h
2] y = -6566.4x + 25.021
] R?=0.9977
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0.003 0.0031 0.0032 0.0033 0.0034
/T

@ Springer



4604 P. Maneechakr, S. Karnjanakom

AG = AH — TAS,
(14)

AS AH
InK,; = " RT (15)
where C, is the equilibrium concentration of the Fe** (mg/L), C, is the initial con-
centration of Fe* (mg/L), R is the universal gas constant (8.314 J/mol K), T is the
absolute temperature (K) and K, is the distribution coefficient.

As shown in Fig. 5b and Table 7, AG obtained from Fe3* adsorption onto L1502
at different temperatures was a negative value at the range between —13.65 and
—8.5 kJ/mol. This change in free energy could be attributed to the spontaneous
nature of the physisorption process [26]. It should be noted that physisorption was in
the range of AG between —20 and 0 kJ/mol, while the chemisorption the range was
in between — 80 and —400 kJ/mol. Here, AG value was obviously decreased to some
extent with an increasing of adsorption temperature, which was in good agreement
with results in Fig. 5a. Moreover, AH and AS also presented positive values, indi-
cating endothermic adsorption of Fe** under irreversible and randomness processes
[27]. The physisorption process was well confirmed with AH < 100 kJ/mol, which
corresponded with the result derived from the Dubinin—Radushkevich isotherm.
For comparisons of the adsorption performance with previous literature, as shown
in Table 8, higher Fe* adsorption capacities were obtained using LL502 based on
d. max than other previously developed adsorbents. From these results, LL502 could
be considered as a promising low-cost/efficient adsorbent for selective removal of
metal cation from wastewater in industrial processes.

Conclusions

In summary, the surface of all adsorbents, except ACC, clearly appeared as a negative
charge (pH,,.>pH of mixture solution), resulting in a high ability for Fe** adsorp-
tion. LL502 was found to be the best feedstock for production of activated carbon
and removal of Fe**. It also presented high efficiency for iron removal up to 98%
from ground/surface water. The water quality index in ground/surface water after
treatment process could be well improved, compared with the water quality standard.

Table 8, Compari.s.on of 34 Adsorbent Adsorption capacity of References
ad}orpﬂgn capacities of Fe- Fe™* (mg/g)
with various adsorbents
Fe;0,@mSiO,—NH, 20.66 [23]
Hazelnut hull 13.59 [28]
Natural clay 12.86 [29]
Acid-activated clay 19.25
Granular activated carbon 491 [30]
Amberlite IR-120H 8.01
LL502 32.89 This work
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The maximum adsorption capacities of Fe** using LL502 obtained from the mon-
olayer adsorption process via the Langmuir isotherm (R>>0.99) were 32.89 mg/g.
The adsorption behavior and data on monolayer-physisorption with a rapid adsorp-
tion process were also verified by Dubinin—Radushkevich and pseudo-second order
kinetic models. Moreover, thermodynamic results indicated that the adsorption pro-
cess of Fe** onto a LL502 surface was endothermic and spontaneous in nature.
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