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Abstract: To confirm the capability and mechanisms of Sr(II) and Cs(I) adsorption from the aqueous
phase using basil seed (BS), virgin BS, calcined BS (BS500 and BS1000), and enzymatically treated
BS, namely Mannanase BGM (M-BS), Pectinase G (P-BS), Hemicellulase (H-BS), and Cellulase A
(C-BS) was evaluated. The adsorption capabilities of Sr(II) and Cs(I) of various BS adsorbents were
also evaluated. The quantity of Sr(II) and Cs(I) adsorbed onto BS was greater than that of BS500 or
BS1000, suggesting that the physicochemical characteristics of the BS surface affected Sr(II) and Cs(I)
removal from the aqueous phase. Furthermore, the quantity of Sr(II) and Cs(I) adsorbed onto virgin
BS was greater than that of enzymatically treated BS, indicating that glucomannan or (1,4)-xylan
in the cellulosic hydrocolloid of the BS strongly affected the adsorption capability of Cs(I) or Sr(II)
(except for M-BS in Sr(II) adsorption). Our obtained results indicate that, as an adsorbent, BS was
capable of removing Sr(II) and Cs(I) from the aqueous solution.

Keywords: basil seed; hydrocolloid; strontium ion; cesium ion; adsorption

1. Introduction

The nuclear industry emerged around 1940, and humans have benefited in various ways from
nuclear technologies. However, nuclear power plants have received increasing attention owing to their
high-risk potential to human health and the ecosystem in recent years [1]. Particularly, the Fukushima
Daiichi Nuclear Power Station in Japan (2001) and the Chernobyl Nuclear Power Plant in the Ukrainian
SSR (1986) were the sites of well-known disasters [2]. Therefore, the use and subsequent disposal of
radioactive waste or the release of these radioactive materials into the water environment is a major
concern for the nuclear field [3]. Strontium (Sr(II)) and cesium (Cs(I)) are fission products of nuclear
fuels contained in radioactive waste. Because of their long half-life (Sr: 28.74 years, Cs: 30.04 years) and
toxicity (such as their carcinogenic properties), technology for removing or separating these materials
from water requires special attention [4–7].

Various studies have reported the production of low-cost adsorbents prepared from waste biomass
for Sr(II) and Cs(I) removal from the aqueous phase [3,8–11]. These reported technologies were based
on an adsorption process using biomass adsorbents, indicating that the adsorption process using
biomass is an effective and economically promising technique for Sr(II) and Cs(I) removal from water.
Additionally, microorganisms including Bacillus spp., Pectinatella magnifica, and Pseudomonas spp.
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etc. have also proven to be useful in Sr(II) and Cs(I) removal from the aqueous phase. However,
in these methods, microorganisms are required to immobilize on a carrier, such as ceramic [12,13].
Our previous studies also reported on the capability of Sr(II) and Cs(I) removal from the aqueous
phase using disposed human hair or waste biomass tapioca [14,15].

In this study, basil (Ocimum basilicum) was used for Sr(II) and Cs(I) removal from the water
environment. Basil is an herb or spice that is cultivated in regions worldwide, especially in Southeast
Asia. In Thailand, the Department of Agriculture, Ministry of Agriculture and Cooperatives reported
that the total productivity of basil seed was 280 tons in 2015, while basil straws were produced as
byproducts. Additionally, basil seeds are widely consumed as a health dessert [16] and they also
have medicinal values such as antispasmodic and stomachic properties [17,18]. However, all basil
seeds are not effectively used or recycled in the current situation. Thus, if unused or unrecycled
basil seed could be explored, its value and applicability could significantly increase. A previous
study reported a cellulosic hydrocolloid system present in the seeds of plants (including basil seed
(BS)) [19], and the mucilaginous seed showed that it had the capability to adsorb elements such as
Sr, Cs, and Cr [3,20]. The cellulosic hydrocolloid consists of numerous kinds of monosaccharides
(namely D-glucose, D-galactose, D-mannose, and L-arabinose) and uronic acid, such as galacturonic
acid and mannuronic acid. These saccharides are formed by two main fractions: glucomannan (43%)
and (1,4)-xylan (24%) [19]. However, there is a lack of information regarding the relationship between
the amount of Sr(II) and Cs(I) adsorbed and the properties of the BS (cellulosic hydrocolloid).

In a recent study, BS was used to adsorb Sr(II) and Cs(I) from an aqueous solution, and the
characteristics of calcination or enzymatically treated BS were investigated. In addition, the changes in
physicochemical properties (the mucilaginous and swell-upon-wetting nature) of seeds were assessed
for calcination at 500 and 1000 ◦C. Subsequently, the equilibrium adsorption, the effect of contact time
and solution pH using BS biomass were demonstrated. The obtained results explained the adsorption
mechanism of BS on Sr(II) and Cs(I) which can be used to resolve the water environment and waste
biomass material issues.

2. Materials and Methods

2.1. Materials

Virgin BS was obtained from Thai Cereal World Co., Ltd. (Bangkok, Thailand). Calcined BS was
prepared by carbonizing the BS in a muffle furnace at 500 ◦C or 1000 ◦C for 2 h which was denoted as
BS500 and BS1000, respectively. Mannanase BGM, pectinase G, hemicellulase, and cellulase A were
purchased from Amano Enzyme Inc., Nagoya, Japan. The BS was treated with various enzymes by the
following procedure. The BS and enzyme were mixed in the ratio of 1:1 in 500 mL Mcilvaine buffer
pH 4.0–5.0. The optimum conditions of enzymatic treatment were obtained from Amano Enzyme Inc.,
Nagoya, Japan and are listed in Table 1. Subsequently, the reaction mixtures were stirred at 100 rpm for
at 45–70 ◦C 24 h and then filtered through a 0.45 µm membrane filter. The obtained BS was freeze-dried
at 80 ◦C. The treated BS samples with Mannanase BGM, pectinase G, hemicellulase, and cellulase A
are denoted as Mannanase BGM (M-BS), Pectinase G (P-BS), Hemicellulase (H-BS), and Cellulase A
(C-BS), respectively.

Table 1. The conditions of enzyme treatment with basil seed (BS).

Adsorbents Enzyme pH Temperature (◦C)

M-BS Mannanase BGM 5.0 50–70
P-BS Pectinase G 4.0 50
H-BS Hemicellulase 4.5 45
C-BS Cellulase A 4.5 50–60
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Sr standard solution (SrCO3 in 0.1 mol/L nitric acid; 1000 mg/L), Cs standard solution (CsCl in
water; 1000 mg/L), sodium hydroxide, and hydrochloric acid were purchased from FUJIFILM Wako
Pure Chemical Co. (Osaka, Japan).

The morphologies of the adsorbents were examined by scanning electron microscopy SU1510
(SEM, Hitachi High-Technologies Co., Tokyo, Japan). The specific surface area and pore volume
were measured using a specific surface analyzer NOVA4200e (Quantachrome Instruments Japan G.K.,
Kanagawa, Japan). Elemental analysis was conducted using an electron probe microanalyzer JXA-8530F
(EPMA, JEOL Ltd., Tokyo, Japan). The measurement conditions were as follows: accelerating voltage
of 15.0 keV, probe current of 20 mA, and a slot beam diameter. The thermogravimetry and differential
thermal analysis were measured using a thermal gravimetric differential thermal analyzer TG8120
(TGA-DTA, Rigaku Co., Tokyo, Japan). The pH point of zero charge (pHpzc) and the surface functional
groups of the adsorbents were measured by the Faria and Boehm titration methods, respectively [21,22].

2.2. Adsorption Capability of Sr(II) And Cs(I) Using the BS, Calcined BS, And Enzyme-Treated BS

A total of 0.05 g of adsorbents were mixed with 50 mL of Sr (II) or Cs (I) solutions at 1000 µg/L.
Then, the reaction mixtures were stirred at 100 rpm at 25 ◦C for 24 h. After filtration through a 0.45 µm
membrane filter, the obtained filtrate was analyzed using inductively coupled plasma optical emission
spectrometry iCAP 7600 Duo (ICP-OES, Thermo Fisher Scientific Inc., Kanagawa, Japan) or inductively
coupled plasma mass spectrometry ICPM-8500 (ICP-MS, Shimadzu Co., Kyoto, Japan) for Sr(II) or
Cs(I), respectively. The quantity of Sr(II) and Cs(I) ions adsorbed were calculated using the levels
before and after adsorption in Equation (1).

q =
(C0 −Ce)V

W
(1)

where q is the quantity adsorbed (µg/g), C0 is the initial concentration (µg/L), Ce is the equilibrium
concentration (µg/L), V is the solvent volume (L) and W is the weight of the adsorbent (g).

2.3. Adsorption Isotherms of Sr(II) And Cs(I) by the BS and Calcined BS

A total of 0.05 g of adsorbents were mixed with 50 mL of Sr (II) or Cs (I) solution at 1–1000 µg/L,
and then, the reaction mixtures were stirred at 100 rpm at 25 ◦C for 24 h. The quantity adsorbed was
calculated using Equation (1).

2.4. Effects of Contact Time And pH on the Adsorption of Sr(II) And Cs(I) by the BS and Calcined BS

To investigate the effects of contact time, 0.05 g of adsorbents were mixed with 50 mL of Sr (II)
or Cs (I) solution at 1000 µg/L, and then, the reaction mixtures were stirred at 100 rpm at 25 ◦C for
0.5, 1, 3, 6, 16, 20, and 24 h. To examine the effects of pH, 0.05 g adsorbents were mixed with 50 mL
of Sr (II) or Cs (I) solution at 1000 µg/L, the initial pH in the sample solution was adjusted from 2 to
12 using hydrochloric acid or sodium hydroxide solution. Then, the reaction mixtures were stirred
at 100 rpm at 25 ◦C for 24 h. The quantity of Sr(II) or Cs(I) adsorbed was calculated by Equation (1).
The results in this study are expressed as means ± standard errors (n = 2–3 (number of experiments),
Sections 2.2–2.4).

3. Results and Discussion

3.1. Effect of Calcination Treatment on Physicochemical Properties

SEM images of virgin and calcined BSs are shown in Figure 1a. A structural collapse was observed,
and the pores were increased with increasing calcination temperatures. Table 2 lists the physicochemical
properties of BS, BS500, and BS1000. The surface functional groups decreased by the calcination
treatment, indicating that the acidic or basic functional groups disappeared via carbonization. Similar
changes to the surface functional groups with varying calcination temperatures were reported in a
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previous study [23]. Conversely, the pHpzc value elevated with increasing calcination temperatures.
In addition, the specific surface areas of BS, BS500, and BS1000 were 0.265, 0.937, and 86.902 m2/g,
respectively. Therefore, the novel carbonaceous material (BS1000) was produced from the BS using
the calcination treatment. Figure 1b shows the TGA-DTA curves of the BS. TGA decreased and DTA
increased between 300–600 ◦C. Yokoyama et. al. reported that the number of phenolic, carboxyl, and
other functional groups decreased upon carbonization at approximately 600 ◦C. Therefore, similar
changes (combustion) occurred in our experiment [23]. Additionally, more than 150 species of
common basil (Ocimum basilicum L.) genus have been recognized [24]. Therefore, the physicochemical
characteristics differ more or less according to the cultivation condition, indicating that the obtained
carbonaceous materials from basil seed at different calcination temperatures might affect the adsorption
capability of Sr(II) and Cs(I)in the aqueous solution.
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Figure 1. SEM images of adsorbents (a) and thermal gravimetric differential thermal analyzer
(TGA-DTA) curves of BS (b).

Table 2. Physicochemical properties of adsorbents.

Adsorbents pHpzc

Surface Functional
Groups (mmol/g)

Specific Surface
Area (m2/g)

Pore Volume (cc/g)

Acidic Basic Micro Meso Macro

BS 5.59 0.050 0.605 0.265 N/A* N/A* N/A*
BS500 9.85 0.006 0.127 0.937 N/A* 0.004 0.006
BS1000 0.006 0.006 0.187 0.187 N/A* 0.019 0.005

* Not applicable.

3.2. Adsorption Capability of Sr(II) And Cs(I)

The quantities of Sr(II) and Cs(I) adsorbed onto BS, BS500, and BS1000 are shown in Figure 2.
The amount of Sr(II) adsorbed was not affected by the calcination treatment. Conversely, the amount
of Cs(I) adsorbed decreased with increasing calcination temperatures. These results suggest that the
adsorption mechanisms of Sr(II) and Cs(I) were different for the virgin BS and calcined BS.

Moreover, the amount of Sr(II) adsorbed was greater than that of the Cs(I) adsorbed. The crystal
radius and ionic radius of Sr (1.32–1.58 Å and 1.18–1.44 Å) were both smaller than those of Cs
(1.81–2.02 Å and 1.67–1.88 Å) [25], which suggests that the interaction between Sr(II) and the adsorbent
easily occurred compared to Cs(I) in the aqueous solution. In addition, these properties might affect
the solvation of hydroxyl ions (solvent effect) under our experimental conditions. A comparison of the
Sr(II) and Cs(I) adsorption capability of BS with other adsorbents is listed in Table 3 [10,26–30]. The BS
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exhibited good potential to be used for Sr(II) and Cs(I) removal from the aqueous solution comparable
to other reported adsorbents (except for brewery waste biomass, Rhizopus nigricans, arca shell biomass,
and Gracilaria corticata). The obtained results indicated that the initial concentration of Sr(II) or Cs(I) is
important for ion removal from the aqueous solution. Therefore, this study evaluated the effect of the
initial concentration on the adsorption (adsorption isotherms), as discussed in Section 3.4.Sustainability 2020, 12, x FOR PEER REVIEW 5 of 13 
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Table 3. Comparison of Sr(II) or Cs(I) adsorption capacity of BS with other reported adsorbents.

Samples Adsorbents
Adsorption
Capability

(mg/g)
pH Temp.(◦C)

Initial
Concentration

(mg/L)

Contact
Time (h)

Adsorbent
(g/L) Ref.

Sr(II)

Paprika
biochar 0.02 - 25 1 24 1 [26]

Spent
mushroom

biochar
0.04 - 25 1 24 1 [26]

Rice straw
biochar 0.05 - 25 1 24 1 [26]

Brewery’s
waste

biomass
7.91 4 30 Approximately

700 3 2 [10]

Rhizopus
nigricans 24.5 5 22 ± 1 1000 2 - [27]

BS 0.63 - 25 1 24 1 This
study

Cs(I)

Brewery’s
waste

biomass
10.1 4 30 Approximately

700 3 2 [10]

Arca shell
biomass 4.00 5.5 25 ± 2 10–500 3 5 [29]

Bamboo
charcoal 0.17 - 20 800 6 1 [28]

Gracilaria
corticata 14.6 5.5 30 20–500 3 2 [30]

BS 0.52 - 25 1 24 1 This
study
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In addition, to find the adsorption mechanism, the relationship between the quantity of Sr(II)
or Cs(I) adsorbed and the properties of the adsorbents (Table 2) were evaluated. The correlation
coefficients (r2) between the amount of Sr(II) adsorbed and the pHpzc, acidic functional groups, basic
functional groups, and specific surface area were 0.527 (positive), 0.312 (negative), 0.211 (negative),
and 0.996 (positive), respectively. Moreover, the correlation coefficients (r2) between the amount of
Cs(I) adsorbed and the described properties were 0.899 (negative), 0734 (positive), 0.626 (positive),
and 0.772 (negative), respectively. The adsorbent surface properties (pHpzc and specific surface area)
affected the adsorption capability of Sr(II) and Cs(I) from the aqueous solution. Therefore, the elemental
distribution of Sr or Cs onto the BS surface before and after adsorption was investigated (Figure 3), and
the involvement of other factors was evaluated, as described in Section 3.5. The results from Figure 3
demonstrated that Sr and Cs were detected after adsorption, indicating that the interaction between
Sr(II) or Cs(I) and the BS surface occurred under our experimental conditions.
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3.3. Adsorption Kinetics of Sr(II) And Cs(I)

Figure 4 shows the kinetics data of Sr(II) and Cs(I) adsorption. The adsorption equilibrium of
Sr(II) and Cs(I) onto the BS was reached at approximately 6 h and 1 h, respectively. Numerous studies
reported previously that the adsorption equilibrium of Sr(II) and Cs(I) was 2 h, 3 h, and 24 h using
rice straw-based biochar beads, brewer waste biomass, and BTP300 [10,15,26] and 30 min, 8 h, and
1 h using agriculture waste biomass, polyphenols enriched biomass-based adsorbent, and BTP300,
respectively [7,15,31]. Therefore, BS could be a potential candidate adsorbent for Sr(II) and Cs(I)
removal from an aqueous solution.

The obtained data were fitted to the pseudo-first order model and pseudo-second order model
(Table 4). The adsorption kinetics of the metal ions in the liquid phase can be indicated in the
pseudo-first order model (Equation (2)) or pseudo-second order model (Equation (3)) [32,33].

dqt

dt
= k1
(
qe,exp − qt

)
, (2)

dqt

dt
= k2
(
qe,exp − qt

)2
, (3)
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where qe,exp and qt are the quantities of Sr(II) and Cs(I) adsorbed at equilibrium and at time t (µg/g),
respectively; k1 (1/h) and k2 (g/µg/h) are rate constants of the pseudo-first order and pseudo-second
order models, respectively. To confirm conformance, the experimental data should be applied to the
linear formula of each model (Equations (4) and (5)) [32,33].

ln(qe,exp − qt) = lnqe,cal − k1t, (4)

t
qt

=
t

qe,cal
+

1
k2 × qe,cal2

, (5)

where qe,cal is the amount of Sr(II) and Cs(I) adsorbed in the calculation (µg/g). From Table 4,
the correlation coefficients of the pseudo-second order model (Sr(II): 0.986−0.998, Cs(I): 0.970−1.000)
were higher than those of the pseudo-first order model (Sr(II): 0.917−0.961, Cs(I): 0.050−0.459). Moreover,
qe,exp was closer to qe,cal of the pseudo-second order model than that of the pseudo-first order model.
Thus, the overall rate of the Sr(II) or Cs(I) adsorption is acceptably controlled by the chemisorption
process, and the rate determining mechanism depends on the diffusion process [34,35].
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Figure 4. Adsorption kinetics of Sr(II) and Cs(I) onto adsorbents. Initial concentration: 1000 µg/L,
sample volume: 50 mL, adsorbent: 0.05 g, temperature: 25 ◦C, contact time: 10 min–24 h, 100 rpm,
#: BS, •: BS500, N: BS1000.

Table 4. Fitting results of kinetic data using pseudo-first order model and pseudo-second order model.

Samples Adsorbents qe,exp
Pseudo-First Order Model Pseudo-Second Order Model

k1 (1/h) qe,cal (mg/g) r k2 (g/mg/h) qe,cal (mg/g) r

Sr(II)
BS 632.5 2.4 × 10−1 293.0 0.961 1.2 × 10−3 674.9 0.986

BS500 287.6 1.9 × 10−1 114.8 0.917 4.1 × 10−3 305.1 0.998
BS1000 587.3 6.4 × 10−1 547.1 0.956 1.8 × 10−3 621.9 0.998

Cs(I)
BS 519.4 4.8 × 10−3 88.0 0.050 −2.4 × 10−2 519.6 1.000

BS500 191.7 5.4 × 10−2 10.9 0.459 −1.5 × 10−2 151.8 0.972
BS1000 49.2 3.6 × 10−3 47.0 0.090 −7.8 × 10−2 58.3 0.970

3.4. Adsorption Isotherms of Sr(II) And Cs(I)

Figure 5 shows the adsorption isotherms data of Sr(II) and Cs(I) with BS, BS500, and BS1000.
The amount adsorbed was in the order BS500 < BS1000 < BS for Sr(II) and BS1000 < BS500 < BS for
Cs(I). To evaluate the adsorption mechanism, adsorption isotherms data were fitted to the Langmuir
and Freundlich isotherm models (Table 5).
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Table 5. Fitting results of isotherms data using Langmuir model and Freundlich model.

Samples Adsorbents
Langmuir Constants Freundlich Constants

qmax (mg/g) KL (L/mg) r logKF 1/n r

Sr(II)
BS 441.6 5.6 × 10−3 0.962 1.3 1.5 0.966

BS500 838.4 8.0 × 10−4 1.000 0.8 1.3 0.998
BS1000 825.0 1.1 × 10−3 0.989 1.1 0.9 0.990

Cs(I)
BS 948.0 1.6 × 10−3 0.996 1.1 1.1 0.997

BS500 421.0 1.0 × 10−3 0.986 1.1 0.3 0.981
BS1000 12.1 1.4 × 10−3 0.964 2.6 3.7 × 10−6 0.957

The Langmuir isotherm formula can be represented by Equations (6) and (7) [34,35]:

q =
KLqmaxC
1 + KLC

(6)

1
q
=

1
qmax

+
1

KLqmaxC
(7)

where q is the quantity of Sr(II) or Cs(I) adsorbed, (µg/g), qmax is the maximum amount of Sr(II)
or Cs(I) adsorbed (µg/g), KL is the Langmuir isotherm constant (L/µg), and C is the equilibrium
concentration (µg/L). The Langmuir isotherm model is the theoretical model and can explain the
monolayer adsorption onto homogenous surfaces. In addition, this model is considered based on the
adsorption sites.

The Freundlich isotherm formula can be represented by Equations (8) and (9) [36,37]:

q = KFC1/n, (8)

log q =
1
n

log C + log KF (9)

where KF and 1/n are the Freundlich isotherm constants. The Freundlich isotherm model is an
empirical model and can explain the monolayer adsorption onto heterogeneous surfaces. In general,
the adsorption reaction in the aqueous phase fits this model. In the Freundlich isotherm model,
the form of the isotherm curve depends on the value of n. Particularly, when the value of 1/n is 0.1–0.5,
adsorption occurs easily, and when the value of 1/n is over two, it is hard to adsorb [38].
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The fitting results of the isotherms data using the Langmuir model and Freundlich model area are
illustrated in Table 5. The correlation coefficients of the Langmuir model (Sr(II): 0.962−1.000, Cs(I):
0.964−0.996) and Freundlich model (Sr(II): 0.966−0998, Cs(I): 0.957−0.997) were high. Thus, the Sr(II)
or Cs(I) adsorption using BS is attributed to monolayer adsorption. In addition, the value of 1/n (Sr(II):
0.8–1.3, Cs(I): 1.1–2.6) indicated that Sr(II) and Cs(I) were efficiently adsorbed onto the BS under our
experimental conditions, and showed exceptional adsorption of Cs(I) using BS1000.

3.5. Effect of pH on the Adsorption of Sr(II) And Cs(I)

The amount of Sr(II) and Cs(I) adsorbed in various pH conditions is shown in Figure 6. The solution
pH affected the capability of Sr(II) and Cs(I) adsorption from the aqueous solution using the BS.
Numerous studies previously reported the adsorption mechanisms of Sr(II) and Cs(I) using agricultural
waste biomass or banana fiber adsorbent [3,11,31], and explained that cationic ions were adsorbed
according to the cation exchanges with the functional groups onto the biomass surface. Therefore,
competition between Sr(II) or Cs(I) and H+ (proton) occurred, and the adsorption capability decreased
in acidic conditions (pH: 2–3). Conversely, the level of Sr(II) and Cs(I) adsorbed increased in weakly
acidic conditions (pH > 4.0); because the concentration of hydroxyl groups in the solution increased, the
consumption of protons by competition adsorption onto the active site of the adsorbent also decreased.
Similar trends occurred in this study (Figure 7).
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Moreover, lignins, or surface functional groups which contained a lone pair of electrons, present
in oxygen affected the adsorption site of Sr(II) and Cs(I). Various studies reported previously that
the adsorption site of Sr(II) could be considered a low acidity ion exchange reaction site, additional
adsorption site, or mucilage polysaccharide (carboxyl groups, hydroxyl groups, etc.) in waste
biomass [3,7,11,31]. There is a lack of information regarding the adsorption mechanism of Sr(II) and
Cs(II) using BS. Therefore, to elucidate the adsorption mechanism of these cations, this study focused
on the cellulosic hydrocolloid in BS.

Cellulosic hydrocolloid was produced from the BS in the aqueous phase, indicating that the BS
adsorbs water. The hydrocolloids were present as a type of cellulose–hemicellulosic polysaccharide
composite [19]. The cellulosic hydrocolloid of the BS contained approximately 43% glucomannan and
approximately 24% (1,4)-xylan. Therefore, to determine the relationship between cellulosic hydrocolloid
and the adsorption capability, glucomannan and (1,4)-xylan were decomposed (hydrolyzed) by
Mannanase BGM, pectinase G, hemicellulase, and cellulase A, respectively (denoted as M-BS, P-BS,
H-BS, and C-BS). Figure 8 shows the SEM images of M-BS, P-BS, H-BS, and C-BS and the quantity of
Sr(II) and Cs(I) adsorbed. The quantity of Sr(II) or Cs(I) adsorbed onto the BS was greater than that onto
the BS treated with each enzyme, indicating that the cellulosic hydrocolloid containing glucomannan or
(1,4)-xylan was related to the adsorption capability of Sr(II) and Cs(I) using BS (except for M-BS in Sr(II)
adsorption). Moreover, glucomannan and (1,4)-xylan affected the adsorption capability of Cs(I) or
Sr(II). Therefore, the obtained results are useful, demonstrating the removal of Sr(II) and Cs(I) using BS.
However, the contribution of each factor (cellulosic hydrocolloid) was not elucidated for the removal
of Sr(II) and Cs(I) from the aqueous phase in this study. Further studies are required to determine the
adsorption mechanisms of Sr(II) and Cs(I) using BS or to improve their adsorption capability.

Sustainability 2020, 12, x FOR PEER REVIEW 11 of 13 

hydrocolloid and the adsorption capability, glucomannan and (1,4)-xylan were decomposed 

(hydrolyzed) by Mannanase BGM, pectinase G, hemicellulase, and cellulase A, respectively (denoted 

as M-BS, P-BS, H-BS, and C-BS). Figure 8 shows the SEM images of M-BS, P-BS, H-BS, and C-BS and 

the quantity of Sr(II) and Cs(I) adsorbed. The quantity of Sr(II) or Cs(I) adsorbed onto the BS was 

greater than that onto the BS treated with each enzyme, indicating that the cellulosic hydrocolloid 

containing glucomannan or (1,4)-xylan was related to the adsorption capability of Sr(II) and Cs(I) 

using BS (except for M-BS in Sr(II) adsorption). Moreover, glucomannan and (1,4)-xylan affected the 

adsorption capability of Cs(I) or Sr(II). Therefore, the obtained results are useful, demonstrating the 

removal of Sr(II) and Cs(I) using BS. However, the contribution of each factor (cellulosic 

hydrocolloid) was not elucidated for the removal of Sr(II) and Cs(I) from the aqueous phase in this 

study. Further studies are required to determine the adsorption mechanisms of Sr(II) and Cs(I) using 

BS or to improve their adsorption capability.  

 

Figure 8. SEM images of adsorbents (a) and amount of Sr(II) and Cs(I) adsorbed onto enzyme-treated 

BSs (b). Initial concentration: 1000μg/L, sample volume: 50mL, adsorbent: 0.05g, temperature: 25℃, 

contact time: 24h, 100rpm 

4. Conclusions 

We prepared novel carbonaceous materials (BS500 and BS1000) produced from basil seed for the 

removal of Sr(II) and Cs(I) in the aqueous phase. The physicochemical characteristics of BS500 and 

BS1000 were drastically changed after calcination. The quantity of Sr(II) and Cs(I) adsorbed onto BS 

was greater than that of BS500 and BS1000, indicating that calcination of the BS did not improve the 

adsorption capability of these ions from the aqueous phase. The adsorbent surface properties (pHpzc 

and specific surface area) were involved in the adsorption of Sr(II) and Cs(I) under our experimental 

condition. The adsorption kinetics followed the pseudo-second order model (the correlation 

coefficients of Sr(II) and Cs(I) were 0.986–0.998 and 0.970–1.000, respectively). The adsorption 

isotherm data fitted to the Langmuir and Freundlich models. The optimal pH condition for Sr(II) and 

Cs(I) removal was approximately over 4.0. Moreover, the quantity of Sr(II) and Cs(I) adsorbed onto 

M-BS, P-BS, H-BS, and C-BS was lower than that of BS. These results indicate that glucomannan and 

(1,4)-xylan in cellulosic hydrocolloid were related to the adsorption capability of the BS on Cs(I) or 

Sr(II) (except for M-BS in Sr(II) adsorption). Our study demonstrated that BS is useful and is a 

Figure 8. SEM images of adsorbents (a) and amount of Sr(II) and Cs(I) adsorbed onto enzyme-treated
BSs (b). Initial concentration: 1000 µg/L, sample volume: 50 mL, adsorbent: 0.05 g, temperature: 25 ◦C,
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4. Conclusions

We prepared novel carbonaceous materials (BS500 and BS1000) produced from basil seed for the
removal of Sr(II) and Cs(I) in the aqueous phase. The physicochemical characteristics of BS500 and
BS1000 were drastically changed after calcination. The quantity of Sr(II) and Cs(I) adsorbed onto BS
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was greater than that of BS500 and BS1000, indicating that calcination of the BS did not improve the
adsorption capability of these ions from the aqueous phase. The adsorbent surface properties (pHpzc

and specific surface area) were involved in the adsorption of Sr(II) and Cs(I) under our experimental
condition. The adsorption kinetics followed the pseudo-second order model (the correlation coefficients
of Sr(II) and Cs(I) were 0.986–0.998 and 0.970–1.000, respectively). The adsorption isotherm data fitted
to the Langmuir and Freundlich models. The optimal pH condition for Sr(II) and Cs(I) removal was
approximately over 4.0. Moreover, the quantity of Sr(II) and Cs(I) adsorbed onto M-BS, P-BS, H-BS, and
C-BS was lower than that of BS. These results indicate that glucomannan and (1,4)-xylan in cellulosic
hydrocolloid were related to the adsorption capability of the BS on Cs(I) or Sr(II) (except for M-BS in
Sr(II) adsorption). Our study demonstrated that BS is useful and is a potential candidate for Sr(II) and
Cs(I) removal from the aqueous phase, and elucidated some of the adsorption mechanisms of Sr(II)
and Cs(II) from the aqueous phase.
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