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Abstract

Drinking water is a potential source of human exposure to lead (Pb>*), which can induce several health effects upon exposure to
low dose for a long period. In particular, the children and young populations are the vulnerable groups. Removal of Pb** from
drinking water using an inexpensive adsorbent is a challenge. In this research, activated carbon adsorbent was developed using
jute stick, an agricultural by-product. Following carboxylic acid functionalization, the jute stick activated carbon (JSAC) was
applied for Pb** removal from aqueous solution. The carboxylated JSAC (JSAC-COO ") was characterized using several
techniques. The surface area of the JSAC-COO™ was 615.3 m?/g. The JSAC-COO~ was tested for variable concentrations of
Pb>* (10 and 25 mg/L) at different pH (4.0 and 7.0), temperature (15 °C and 27 °C), and contact periods (1, 5, 10, 15, 30, and
60 min). Up to 99.8% removal of Pb>" was achieved for these concentrations of Pb>* within 15 min of contact time. The
adsorption process followed standard kinetics, and the adsorption capacity was > 25.0 mg Pb**/g of JSAC-COO . The JSAC-
COO" can be used for fast and easy removal of Pb>* from aqueous solution, which has the potential for domestic and industrial
applications.

Keywords Lead removal - Carboxylated jute stick activated carbon - Adsorbent - Drinking water - Domestic and industrial
applications

Introduction

The metals with density of 5 g/cm? or higher are characterized
as heavy metals. Heavy metals in water is one of the major
environmental issues as they are toxic to human and ecolog-
ical health. Lead (Pb) has an atomic weight and density of
207.2 g and 11.4 g/em’, respectively (José and José 2006). It
forms a wide range of oxides (e.g., Pb,O to PbO,) and a
protective film on the exposed surface (José and Jos¢ 2006).
It is one of'the toxic heavy metals that pose risk to humans and
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aquatic lives, even at a low concentration for a long period of
exposure (Martins et al. 2006). The children and young pop-
ulations are the most vulnerable groups for exposure to Pb in
water. The International Agency for Research on Cancer
(IARC) has classified Pb as group 2B (possible human carcin-
ogen) and inorganic compounds of Pb as group 2A (probable
human carcinogen) while the USEPA has classified Pb as
group B2 (probable human carcinogen) (IARC 2018;
USEPA 2004). The World Health Organization (WHO) and
European Community Directive have set the guideline value
to 10 pg/L in drinking water (WHO 2011). The Health
Canada has set the maximum acceptable concentration to
10 pg/L in drinking water (Health Canada 2015). The
USEPA has the action level of 15 pg/L in drinking water
(USEPA 2009).

Lead is a naturally occurring element, mainly buried in the
Earth’s crust in insoluble and biologically inoffensive forms. It
is generally found as PbS or as complex ores of Pb and zinc
sulfides with small fractions of silver or silver sulfides
(USEPA 2012; WHO 2003). Due to industrialization and bio-
genic activities, large quantities of Pb and by-products are
released into air, soil, and water. It is primarily used as raw
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materials in the manufacturing industries (e.g., matches, ex-
plosives, pigments, storage batteries, paints, and fuels) that
produce lead-contaminated wastewater and air (e.g.,
smelting/grinding industries), which are the major sources of
water pollution for drinking water supplies. As an example,
Pb concentrations in wastewater from the battery manufactur-
ing, acid mine drainage, tailing pond, and steel production
plants were reported to be in the range of 0.5-25 mg/L
(Patterson 1985).

Chronic exposure to Pb in drinking water can induce mul-
tiple health effects (Davis 1990). Lead has the bioaccumula-
tion and magnification properties, which can increase its con-
centrations to toxic levels (Atkinson et al. 1998). It can affect
almost every organ and system in the body while the children
below 6 years are the most vulnerable group to the effects of
Pb (Wani et al. 2015). Low concentrations of Pb in blood can
cause several problems including, hearing, learning and be-
havior problems, slow growth, lower intelligence quotient,
and hyperactivity (Banerjee et al. 2007; Bellinger 2008;
Fraser et al. 2006). It can cross the placental barrier during
pregnancy, which may result in serious effects (e.g., reduced
growth of the fetus; premature birth) to the mother and the
developing fetus (Bellinger et al. 1987). The adults exposed to
Pb can suffer from cardiovascular effects, increased blood
pressure and hypertension, decreased kidney function, and
reproductive problems (Benjelloun et al. 2007; Navas-Acien
et al. 2007; Patrick 2006; Wani et al. 2015). Consumption of
elevated levels of Pb increases the reactive oxygen species
(ROS) in tissues, which can affect the reproduction system
in male and metabolism process and damage the cellular com-
ponents (Patrick 2006).

Removal of Pb ions (Pb**") from drinking water at low cost
has been an issue. To remove Pb>* from aqueous solution,
various methods including coagulation, adsorption, mem-
brane filtration, ion exchange, chemical precipitation, and re-
verse osmosis have been employed (Meunier et al. 2006;
Mohamed et al. 2008; Merzouk et al. 2008; Yu et al. 2006).
Among the methods, adsorption has been the method of
choice, due mainly to the low cost, high efficiency, and easy
to use (Chowdhury et al. 2016). The activated carbon-based
adsorbents have been widely used for Pb** removal
(Chowdhury et al. 2016). Many studies have developed and
applied activated carbon from different sources, including rice
husk (Khalid et al. 1998), rice straw (Johns et al. 2003),
discarded automotive tires (Netzer and Hughes 1984), rubber
wood sawdust (Kalavathy et al. 2005), apricot stone (Kobya
et al. 2005), peanut shell (Wilson et al. 2006), pecan shell
(Guo and Rockstraw 2007), crab shell (Lee et al. 1998), fly
ash (Gupta et al. 1998; Weng and Huang 1994), peat (Gosset
etal. 1986; Chaney and Hundemann 1979), and oil palm fiber
(Tan et al. 2008) to remove Pb>* from aqueous solution.

The non-toxic agriculture by-products are generally the
preferred options for preparing adsorbents. However, finding

the inexpensive and non-toxic raw materials for developing
the activated carbon is a challenge. There is need to select a
non-toxic, inexpensive, and available raw materials to pro-
duce activated carbon for Pb** removal from drinking water.
Jute stick, a residue of jute, is an agricultural by-product,
which is cheap and abundant in Bangladesh, India, Thailand,
Myanmar, and China. The jute fiber has been reported to be
biodegradable and environmentally friendly (FAO 2019). The
jute stick and jute fiber have similar chemical constituents
indicating that the jute stick is likely to be biodegradable and
environmentally friendly (Mitra 1999), which is commonly
used as the raw materials for cooking in the rural areas.

The biomass-based activated carbon needs to have large
specific surface area, functional groups and increased accessi-
bility of heavy metals to the intra-pore space. As an example,
Anitha et al. (2015) reported that the carboxylate-
functionalized carbon nanotube (CNT-COO ) surface effec-
tively adsorbed 150-230% more metal ions than the non-
functionalized CNT surface. This study reported higher effi-
ciency of CNT-COO than the hydroxyl and amide-
functionalized CNTs for Cd** removal, due possibly to the
high negative charge of CNT-COO, leading to higher affin-
ity to heavy metals while the performance was sensitive to pH.
However, carboxylation of CNTs and activated carbon (e.g.,
date palm derived carbon) reduced the specific surface area
significantly (El-Shafey et al. 2016), indicating the needs of
carboxylate-functionalized carbon materials with high surface
area for heavy metal removal. The biomass is treated with
different activation agents, such as H3PO,4, NaOH, ZnCl,,
K,COs3, KHCO3, and KOH to obtain variable surface area,
pore size, and shape of the carbon materials prior to pyrolysis
(Ahammad et al. 2019). Although activated carbon prepared
from jute stick was investigated to remove heavy metals from
industrial wastewater (Asadullah et al. 2014), the effect of
carboxylate-functionalized jute stick activated carbon on re-
moval of heavy metals has not been investigated yet. It is
anticipated that the carboxylate-functionalized jute stick acti-
vated carbon be investigated for heavy metal removal from
aqueous solution. In this study, a highly porous carbon mate-
rial (jute stick activated carbon (JSAC)) was developed from
jute stick using NaHCOj as the activation agent. The JSAC
was used for Pb* removal from aqueous solution. The car-
boxylation was performed using acid treatment. Material char-
acterization was performed using field-emission scanning
electron microscopy (FESEM), energy-dispersive spectrosco-
py (EDS), Raman spectroscopy, X-ray diffraction (XRD)
spectroscopy, Fourier transform infrared spectroscopy (FT-
IR), and BET surface area analyzer. The carboxylate-
functionalized JSAC (JSAC-COQO") was tested through batch
experiments with variable concentrations of Pb** (10 and
25 mg/L) at different pH (4.0 and 7.0), temperature (15 °C
and 27 °C) and contact periods (1, 5, 10, 15, 30, and 60 min).
The adsorption kinetics was investigated. The performance of
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JSAC and JSAC-COO  was discussed, and the feasibility of
using JSAC-COO™ in removing Pb** from aqueous solution
was highlighted. The needs for carboxylation of JSAC was
demonstrated through conducting the Pb** removal experi-
ments. The Pb>* removal performance of JSAC was signifi-
cantly lower than that of the JSAC-COO .

Methodology
Raw materials

The jute sticks were collected from Mominpur, Jessore
(Bangladesh). The main constituents of jute fibers are 58—
63% «-cellulose, 20-22% hemicellulose, and 12—14% lignin
(Islam et al. 2003). Table 1 shows the physical and chemical
characteristics of jute stick. The non-cellulosic constituents
are 37-42% while the chemical composition is similar to jute
fiber. The jute stick contains higher lignin (23.5%) and lower
a-cellulose (40.8%) than jute fiber (Islam et al. 2003). The
reagents (e.g., NaHCOs, hydrochloric acid (HCI, 37 wiv%),
sulfuric acid (H,SOy,), nitric acid (HNOs), Pb standard solu-
tion (1000 ppm (ppm), and other chemicals) were obtained
from Sigma-Aldrich. The deionized water was obtained from
the water purification system (Barmnstead Nanopure, Thermo
Scientific, 7148, USA).

Preparation of JSAC

The jute sticks were cut into small pieces with chopper and
cleaned with deionized water (DIW). The cleaned sticks
were dried at 110 °C in an oven for 24 h. The dried sticks
were powdered by a household blender. The powder was
mixed with NaHCO; with a mass ratio of 1:4 by a house-
hold blender. The mixture was placed in the middle of tube
furnace and heated at 850 °C for 5 h under nitrogen atmo-
sphere (Fig. 1). The heating and cooling rates were

Table 1 Properties of jute stick
Type Quantity
Bulk density (kg/m®) 178.84
Gross calorific value (MJ/kg) 17.32
Proximate analysis (%) Volatile 78.40
Fixed carbon 11.80
Moisture 9.02
Ash 0.78
Ultimate analysis (%) C 44.94
H 438
N
(0] 49.90
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5 °C/min and 10 °C/min, respectively. The carbon was
washed twice with DIW and 0.5 M HCI, and dried.
Finally, the product (JSAC) was dried at 60 °C in a vacuum
oven to constant weight. The schematic procedure for the
preparation of activated carbon (JSAC) is described in Fig.
L.

Carboxylation of JSAC

The reaction scheme for carboxylation of the JSAC is de-
scribed in Fig. 2. Briefly, a total of 2.4 g porous JSAC was
added to 1.6 L mixed solution of concentrated H,SO,4 and
HNOj; (3:1 by volume), and the solution was transferred to
ultrasonicator. Following sonication for 5 h to generate
carboxylic groups, the reaction mass was diluted with
DIW. The resultant diluted mixture was kept standstill for
8 h to form separate layers between carboxylated carbon
and mother liquor. Then, the upper layer (mother liquor)
was decanted. The dilution and decantation procedure was
repeated six times. After filtering and washing with DIW,
the carboxylate-functionalized JSAC (JSAC-COO ") were
dried at 60 °C for 24 h.

Instrumentation

The field-emission scanning electron microscopy
(FESEM) image of the carboxylated JSAC (JSAC-COO")
was taken by an FESEM, TESCAN LYRA 3,
Czech Republic. An Oxford Instruments Xmass detector
equipped with the FESEM was used for the determination
of energy dispersive X-ray spectra (EDS). An iHR320 with
CCD detector, HORIBA, Raman spectrometer equipped
with green laser (300 mW) excitation wavelength A, =
532 nm, was used for the study and detection of graphite
structure in the JSAC-COO . The X-ray diffraction analy-
sis and chemical analysis of JSAC-COO™ were obtained by
a high-resolution Rigaku Ultima IV X-ray diffractometer
equipped with Cu-K (alpha) radiation and an XPS
equipped with an Al K-alpha micro-focusing X-ray mono-
chromator (ESCALAB 250Xi XPS Microprobe, Thermo
Scientific, USA), respectively. A Perkin Elmer (16F PC
FTIR) spectrometer was used for recording FTIR spectra.
The Micromeritics ChemiSorb 2750 was used for the BET
and Barrett—Joyner—Halenda (BJH) analyses to measure
the surface area and pore size of the JSAC-COO . A
Power sonic 603 ultrasonic cleaner was used for sonica-
tion. The pH of the buffer solutions was recorded using a
dual channel pH meter (XL60, Fisher Scientific).

Sample preparation and analysis

Figure 3 shows the summary of batch experiments. The
Pb** standard solution, 1000 ppm Pb** in 0.5 M HNO;
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Fig. 1 Preparation of porous
activated carbon from jute stick

Jute stick

from Pb(NO3),, was purchased from Sigma-Aldrich and
used as a stock solution to prepare the diluted solutions
of the required concentrations (10 and 25 mg/L). The pH
of the solution was adjusted to 4.0 and 7.0 using 0.1 M
NaOH and 0.1 M HNOj;. The temperature was controlled
using the temperature-controlled oil bath. Twenty milli-
grams of the JSAC-COO  was added into 20 mL solution
with Pb** concentrations in the range of 10-25 mg/L in a
screw cap glass vial. The upper limit of Pb** concentration
of 25 mg/L was selected following Patterson (1985).
However, the range of concentrations can be increased de-
pending on the Pb®* concentrations in the aqueous solu-
tion. The solutions were stirred at 200 rpm, and the sorp-
tion reactions were allowed for 1, 5, 10, 15, 30, and 60 min
prior to filtration using 0.45 um filter paper.

The filtered Pb** samples were analyzed using the in-
ductively coupled plasma-mass spectrometer (ICP-MS)
(Model: ICP-MS XSERIES-II) following USEPA
Method 6020A (USEPA 1998). The ICP-MS was cali-
brated using the blank and four different concentrations
of Pb(Il). The analysis was replicated three times, and
averages were taken as the residual concentrations of
Pb**. The detection limit of ICP-MS is 0.05 parts per
billion (USEPA 1998).

Fig. 2 Carboxylation of the
porous activated carbon
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Results and discussion
Structure and morphology

Figure 4a and b show the FESEM images of the JSAC-COO .
Figure 4b shows the size of carbon particles in the range of
few um to 60 pum. However, the magnified view shows that
each microparticle is composed of numerous nanosheets (Fig.
4a). All nanosheets exist in regular arrangement with an ex-
tensive quantity of uniform size macropores in the JSAC-
COO . For clear presentation, some nanosheets (in the rect-
angular boxes) and macropores (in the circles) are shown in
Fig. 4a. The uniform and large number of macropores in-
creased the surface area significantly. The unique architecture
of nanosheets with large interlayer spacing is suitable for
heavy metal removal. The EDS spectrum (Fig. 4c) of JSAC-
COO shows the presence of C, O, and Sn, which are expect-
ed as the JSAC-COO ™ was immobilized on fluorine-doped tin
oxide prior to recording the EDS spectrum. It indicates that the
JSAC-COO is composed of carbon and oxygen. For compar-
ing morphology and chemical composition, the SEM images
and EDS spectrum of JSAC were also recorded (Fig. 4d, e).
The morphology and chemical composition of JSAC-COO ™
and JSAC were similar. However, the ratio of oxygen to
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Jute stick
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Carboxylation
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Functionalized activated
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Temperature: 15°C —27°C
Reaction time: 1 min — 60 min

A
Lead Standard Solution
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pH: 4.0 and 7.0
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Analysis
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Fig. 3 Summary of batch experiment

carbon peak intensity of JSAC-COO™ (Fig. 4c) was much
higher than that of JSAC (Fig. 4d). This indicates that addi-
tional oxygen molecules were introduced into the JSAC dur-
ing carboxylation.

Figure 5a shows the XRD spectrum of JSAC-COO ™ at
850 °C. All the diffraction peaks can be assigned to the porous
graphitic framework (JCPDS no. 41-1487) with two broad
peaks at around 20 =25° and 43°, corresponding to carbon
(002) and (101) peaks, respectively (Quan et al. 2012). The
XRD pattern indicates that graphite structure was obtained
after carboxylation of JSAC. However, broadening of the
two peaks indicates the low degree of graphitization, i.c.,
small domains of coherent and parallel stacking of graphene.
Figure 5b shows the Raman spectrum of JSAC-COO . The
spectrum consists of two broad peaks; centered at around
1589 and 1335 cm ™', which are caused by the effects of graph-
itization (G) and defects (D), respectively (Li et al. 2017).
Moreover, the intensity of D-band is higher than the intensity
of G-band, indicating that there are some defects and inter-
spaces on the surface of carbon (Li et al. 2017).

Functional groups

The functional groups of JSAC-COO ™ were evaluated using
the XPS and FTIR measurements. Figure 6a shows the XPS
survey scan spectrum, indicating three major bands at approx-
imately 284.60, 486.60, and 531.60 eV representing Cls,
Sn3d, and Ols, respectively. The peak for Sn is due to the
use of fluorine-doped tin oxide (FTO) substrate for developing
JSAC-COO" sample for XPS analysis. This finding is consis-
tent with the EDS in Fig. 4c. The Cls core level spectrums
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consist of two major peaks at around 284.60 and 288.60 eV
(Fig. 6b), which are associated with carbon in the states of C—
Cand O-C=0, respectively (Wang et al. 2014). The position
and pattern of the peaks are consistent to Cls peaks of car-
boxylated carbon materials (Aziz and Yang 2008; Adenuga
etal. 2013). To compare the functional group, the XPS spectra
of JSAC was recorded. The survey spectrum of JSAC (spec-
trum not shown) showed that JSAC was composed of carbon
and oxygen like JSAC-COO . However, the typical peak of
~O-C=0 functional group at around 288.60 eV in the Cls
core level spectrums (Fig. 4c) of JSAC was absent while the
peak at around 284.60 eV for C—C of the JSAC was present.
The types of oxygenated functional group in the JSAC are
described with the FTIR data below.

Figure 6d shows the FTIR spectrum of JSAC-COO . The
characteristic absorption bands at 3866.2, 3440.3, 2922.8,
2852.0, 2354.8, 1723.5, 1618.0, 1458.0, 1390.2, 1251.0,
1124.3, 1026.8, 668.5, 522.4, and 431.1 cm ™' indicated the
carbon materials containing several functional groups. The
broad peak at 3440.3 cm ' indicated the presence of —-OH
group, which is primarily a characteristic peak of carboxylic
functionality (Tejada et al. 2016; Adenuga et al. 2013).
Absorption peak at 1724 cm ™' was assigned to C=0 stretch
of COOH in JSAC-COQO ; the symmetric and antisymmetric
stretching of COO™ appeared at 1618 and 1458 cm ™, respec-
tively (Tejada et al. 2016; Adenuga et al. 2013). In addition,
the peaks appeared at 1458.0 and 1026.8 cm ™' could be
assigned to vibration of carboxylic acids (Tejada et al.
2016). Besides, the peaks at 2922.8 and 2852.0 cm”!
suggested the presence of C—H functional groups in
JSAC-COO".

Figure 6e shows the FTIR spectrum of JSAC. The charac-
teristic absorption bands at 3750, 3440, 2922, 2852, 2358,
1618, 1564, 1396, 1101, 636, and 465 cm™ " indicated the
carbon materials containing several functional groups. The
broad absorption at 3433.3 cm ™' indicated the presence of —
OH group. The peaks at 2922, 2852 cm™ ' suggested the pres-
ence of C—H functional groups. Absorption peaks at 1618 and
1564 cm™' were assigned to C=C stretch. In addition, the
peaks appeared at 1101 cm™ ' may indicate the presence of
C-0O functional group. However, the absorption peak at
1724 cm ' was absent in JSAC (Fig. 6e), unlike Fig. 6d,
which is related to C=0 stretch of COOH. This clearly indi-
cates that the JSAC was successfully functionalized with car-
boxylic groups as JSAC-COO . The above findings corrobo-
rated with XPS results (vide supra) (Fig. 6a—c).

Surface area evaluation

Figure 7a shows the nitrogen adsorption—desorption isotherms
for JSAC-COO . The Brunauer—Emmett—Teller (BET) analy-
sis indicated a type II adsorption—desorption isotherm with a
high nitrogen adsorption—desorption capacity. The sample
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Fig.4 a, b FESEM images of the
JSAC-COO . ¢ EDS spectrum of
the white marked area ofa. d EDS
spectrum of the JSAC. e FESEM
images of JSAC
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Fig. 5 a X-ray diffraction and b Raman spectrum of the JSAC-COO ™

1200

shows a broader hysteresis loop from P/P,=0.4 to P/Py=1
indicating the presence of mesopores (Thommes et al. 2015).
Besides, a decent increase of hysteresis loop in the high rela-
tive pressure range (P/P0=0.80-1.00) indicates the presence
of macropores (Thommes et al. 2015; Sun et al. 2018). The
BET surface area and total pore volume of JSAC-COO ™ nano-
sheets were found to be 615.3 m%/g and 0.3677 cm’/g, respec-
tively. The BET surface area of JSAC-COO  was found to be
lower than that that of JSAC prior to functionalization
(11424 mz/g). Oxidation of carbon materials with acid has
increased the surface hydrophilicity via the insertion of carbon
oxygen polar that occupied large fraction of the surface (El-
Shafey et al. 2016). The large amounts of these groups have
reduced the adsorption of non-polar nitrogen molecules,
which has lowered the BET surface area (El-Shafey et al.
2016). Table 2 presents the BET surface area before and after
functionalization of few carbon materials. The surface area of
JSAC-COO' is significantly higher than other carboxylated
carbon materials including activated carbon prepared from
date leaves, carbon nanotube, and graphene (Table 2).

Figure 7b shows the BJH pore-size distribution of JSAC-
COO". This represents a wide distribution of pore width
(range 1.7 to 150 nm) with a BJH adsorption average pore
width of 8.93 nm. The range of pore size, average pore width,
and type of the curve (Fig. 7b) indicate large fractions of
mesopores and micropores in JSAC-COO™ (Thommes et al.
2015). Overall, the BET analysis confirmed the presence of
macro- and mesopores in addition to micropores in JSAC-

@ Springer

T
3 N
S i
2
2 N
c
_9 4
=
1 1 1 1 1
1200 1000 800 600 400 200
Binding Energy (eV)
T T T |
Cis
e
33; 4
2
] i
c
2
£ i
1 1
295 290 285 280
Binding Energy (eV)
T T T
Cli1s 1
35 N
s
2 N
]
c
2
£ N
L Il I
295 290 285 280
Binding Energy (eV)
101 T T ——
d 1458.0 =
Lael
<
© 100
(%]
c
£ 99
£
2 98
£
X 97
96
3000 2000 1000
Wavenumbers (¢m™)
T T T
100 - ©
8 o8 !
c
£ 5 T
s o~
& lg _
S 94 -
S ©
s e
R 92 o @
< 8
34327 o
90 | = |
3000 2000 1000

Wavenumbers (cm™)

Fig.6 a XPS survey spectrum of the JSAC-COO ™ with three major peaks
of carbon, oxygen, and tin. High-resolution spectrum of Cls zone of b
JSAC-COO™ and ¢ JSAC. FTIR spectrum of the d JSAC-COO ™ and e
JSAC



Environ Sci Pollut Res (2019) 26:22656-22669

22663

)
o a
€ 300 |
K2
)
£
3
S
g 200 - i
o
S
o
n
o
< | | | |
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P;)
. 0.3 | T T T T T
< b
Ry
£ 02 .
S
[<}]
£
=
o 0.1r- B
>
(<]
S
o
[
oo | | | | | |

0 300 600 900 1200 1500
Pore Width (A°)

Fig. 7 a Nitrogen adsorption—desorption isotherm and b corresponding
BJH pore-size distributions of JSAC-COO ™

COO ", which is reflected in microscopic analysis (Fig. 4). The
combination of macro- and mesoporous structure increased
the specific surface area and offered increased sites for ion
mobility (Sun et al. 2018). In general, coexistence of macro-
and mesopores leads to highly porous structure and large spe-
cific surface area while the carboxylic functional group plays a
vital role for removal of heavy metals from drinking water.
Consequently, the JSAC-COO ™ is considered as a potential
candidate for Pb** removal from drinking water.

Removal of Pb**
Adsorption kinetics

The concentrations of Pb** following adsorption onto JSAC-
COO at different contact periods are shown in Fig. 8. Within
1.0 min of contact period, Pb>* removal was obtained to be in
the range of 90.8-97.7% for different initial concentrations at
varying temperature and pH (Fig. 8a, b). For the initial con-
centration of 10 mg/L, concentrations of Pb®* were reduced to
0.67 and 0.23 mg/L for pH of 4.1 and 6.9, respectively (Fig.
8a). At initial concentration of 25 mg/L, concentrations of
Pb>* were reduced to 2.13 and 0.93 mg/L for pH 4.2 and
6.9, respectively. In these experiments, temperature was main-
tained at 27 °C. At 15 °C, the corresponding removal rates
were found to be lower (Fig. 8c, d).

Following the rapid drop of Pb** concentration in water
after the 1st minute, the remaining Pb>* concentrations
showed gradual decrease. At higher pH and temperature, final
concentrations of Pb** were much lower than for the lower pH
and temperature. At pH and temperature of 4.2 and 15 °C,
respectively, Pb>* concentrations were reduced from 25 mg/
L to less than 10 pg/L in 60 min. At pH and temperature of 6.9
and 15 °C, Pb** were reduced to below 10 pg/L in 30 min.
When pH and temperature were 6.9 and 27 °C, respectively,
Pb>* were decreased to less than 10 pg/L in 15 min. The final
concentrations of Pb>* showed exponential delay in all sce-
narios. At pH and temperature of 4.1 and 27 °C, respectively,
final concentrations of Pb** from the initial of 10 mg/L were
represented by the exponential relationship as:

C = 2.4932¢ 0244 (1)

Table2 Comparison of BET surface area of before and after carboxylate functionalization of different carbon materials

No. Name of the carbon  Oxidizing agent BET surface area of before carboxylate BET surface area of after Reference
materials functionalization (m?*/g) carboxylate functionalization
1 Single-walled CNTs  Refluxed in 5 M HCI 55.2641 6.5824 Lekgoathi et al.
(2008)
2 Vulcan XC72R Concentrated HNO3 241 167 Carmo et al.
(2009)
3 Multi-walled CNT ~ Mixture of concentrated ~ 298 266 Caiiete-Rosales
(MWCNT) H,S0O,4 and HNO; etal. (2012)
4 Date palm leaflets Concentrated HNO; 823 338 El-Shafey et al.
derived AC (2016)
5  Multi-walled CNT Concentrated HNOj3 170 130 Burmistrov et al.
(2016)
6  Multi-walled CNT ~ Mixture of HNO; and - 194.4 Farghali et al.
Hy0, (2017)
7 Jute stick derived Mixture of concentrated 1142.4 6153 This work

activated carbon

H2804 and HNO3
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Fig. 8 Effect of contact time on
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where C = concentration of Pb** (mg/L) and ¢=time (min).
The relationship had R*=0.73, and it was valid for up to
15 min. Beyond this period, concentrations of Pb** were be-
low the detection limit.

At pH of 6.9, final concentrations of Pb** from the initial
concentration of 10 mg/L were represented by the exponential
relationship as:

C = 3.3451¢7 13 (2)

The relationship had R* of 0.88, and it was valid for up to
5 min. Beyond this period, concentration of Pb>* were below
the detection limit.

For pH and temperature of 4.2 and 27 °C, respectively,
final concentrations of Pb** from the initial concentration of
25 mg/L were represented by the exponential relationship as:

C = 4.4641¢ 1 (3)
The relationship had R? of 0.70, and it was valid for up to

30 min. Beyond this period, concentration of Pb>* were below
the detection limit.

@ Springer

At pH of 6.9 and temperature of 27 °C, the exponential
decay relationship was

C = 5.9828¢ 0316 (4)

The relationship had R? 0f 0.80, and it was valid for up to
10 min. Beyond this period, concentration of Pb** were below
the detection limit.

For pH and temperature of 4.2 and 15 °C, respectively,
final concentrations of Pb®* from the initial concentration of
25 mg/L were represented by the exponential relationship as:

C = 5.0313¢ %121 (5)

The relationship had R? 0f 0.70, and it was valid for up to
30 min.

For pH and temperature of 6.9 and 15 °C, respectively,
final concentrations of Pb®* from the initial concentration of
25 mg/L were represented by the exponential relationship as:

C = 6.3706¢ > (6)
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The relationship had the R? of 0.79, and it was valid forup ~ COO™ adsorbents reduced Pb** ions from an initial concen-
to 15 min. In all scenarios, the final concentrations of Pb>*  tration of 25 mg/L to meager concentrations of 10 pg/L within

showed exponential decay while the effects of pH and tem- ~ 15-60 min of contact period depending on pH and tempera-
perature were found to be dominant beyond the 1st minute of ~ ture while more than 90% removal of Pb** was achieved
contact period. within the 1st minute of contact period. Overall, the removal

of Pb®* was higher at pH 6.9 compared to that of pH 4.2,
Pb2* removal and interaction effects which was expected as decreasing the pH led to neutralize

the surface charge. It is to be noted that carboxylate ions (—
The adsorbent JSAC-COO™ showed more than 98.3% remov- ~ COO") are favorable for adsorbing Pb*" species than the
al of Pb>* in 15 min of contact period for variable initial ~ charge less -COOH. The JSAC (prior to functionalization)
concentrations, temperature, and pH (Fig. 8). The interaction =~ Was used for removing P b** with various concentrations
effects of pH and temperature are shown in Fig. 9. At higher ~ (0.1-10 ppm) to explain the effect of carboxylic acid
pH and temperature, Pb>* removal efficiency was higher. The ~ functionalization. The removal efficiencies of Pb** were very
parallel lines of efficiencies for different temperature forupto ~ low (25-40%) although the morphologies of the JSAC and
10 min showed minimum/no interaction effect between pH =~ JSAC-COO were similar. However, carboxylic
and temperature while both were showing increasing trends ~ functionalization of JSAC improved the Pb>* removal effi-
for removal of Pb** ions at higher pH (Fig. 9). However, after ~ ciency significantly. Because of the presence of macro- and
10 min, increase in temperature and pH showed the decrease ~ mesopores in JSAC-COO , the structure made it highly po-
in the rates of removal, which might be due to the very low  rous in comparison to JSAC, which offered increased binding
concentrations of Pb®* ions in the aqueous solution after  sites (<COO") for Pb>* and increased the removal efficiency
10 min. It is to be noted that more than 98.0% removal of ~ of Pb*".
Pb>" ions was achieved by this time. The particle size, adsorption capacity, and BET surface area
At 15 °C, increase of pH from 4.2 to 6.9 increased the of different AC employed in removing Pb>* are presented in
removal efficiency from 90.8 to 94.3% in the 1st minute. ~ Table 3. The particle size of JSAC-COO  varied from few
For the contact periods of 5, 10, and 15 min, the removal micrometers to 60 um. The higher surface area of JSAC-
efficiencies increased from 93.5 to 96.7%, 95.6 to 98.1%, COO" (615.3 mz/g) (Table 2) following carboxylic
and 98.3 t0 99.7%, respectively. At 27 °C, increase of pH from  functionalization have improved the performance in removing
4.210 6.9 increased the removal efficiency from91.5t096.2% P b** from aqueous solution. The adsorption capacity of
in the Ist minute. The removal efficiencies were increased ~ JSAC-COO " was up to 25.0 mg/g within 30 min of contact
from 94.6 to 98.9% and 96.8 to 99.8% in 5 and 10 min of  time while the maximum adsorption capacity is likely to be
contact periods, respectively (Fig. 9). In this study, the JSAC- ~ higher. Approximately 1.0 g/L of JSAC-COO  removed

Fig. 9 Effect of pH and Time (minutes) Temperature (°C)
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Table 3  Comparison of efficiency and other parameters of JSAC-COO ™ with other activated carbons
Adsorbent Maximal Particle size BET Reference
capacity surface
(mg/g) area (m?/
g)

GAC with bacteria 26.40 2500 um 1089 Rivera-Utrilla et al. (2003)
Carbon nanotubes oxidized  49.95 Length ranges from hundreds of 145 Li et al. (2004)

with concentrated nitric nanometers to micrometers, average

acid diameter is about 30 nm
Coconut shell AC 26.50 75-850 pm 265.96 Sekar et al. (2004)
Sulfur-functionalized 29.44 8-20 mesh, i.e., 2380-841 pum 900 Goel et al. (2005)

coconut shell AC
H,SOy-treated dates stone 19.64 <125 um 307.8 Mouni et al. (2010)

AC
H3PO,-treated sea-buckthorn 51.81 300425 pm 1071 Mohammadi et al. (2010)

stone activated carbon

(PASBAC)
ZnCly-treated sea-buckthorn 25.91 300425 pum 829 Mohammadi et al. (2010)

stone activated carbon

(ZCSBAC)
Apricot stones AC 21.38 125-250 pm 393.2 Mouni et al. (2011)
Powdered pine cone AC 27.53 - 1094.1 Momc¢ilovi¢ et al. (2011)
Acid-treated (carboxylated) 166 3 pm length, 3 nm inner diameter, 194.36 Farghali et al. (2017)

multiwalled carbon nano- 19 nm outer diameter

tubes (MWCNTs)
JSAC-COO >25 Few pm to 60 pm 615.3 Present study. The findings showed the removal

efficiency of up to 25 mg/g within 30 min of contact
time. The maximum removal efficiency is likely to
be higher at equilibrium.

99.8% of Pb** from an initial concentration of 25 mg/L in
15 min of contact time. Mouni et al. (2011) reported the par-
ticle size, surface area, and maximum adsorption capacity of
apricot stone activated carbon (AAC) as 125-250 um,
393.2 m%/g, and 21.38 mg/g, respectively. For the dates stone
AC treated by H,SO,4, Mouni et al. (2010) reported the particle
size, surface area, and adsorption capacity as <125 pm,
307.8 m?/g, and 19.64 mg/g, respectively. The sulfur-
functionalized coconut shell AC (SAC) exhibited the maxi-
mum adsorption capacity of 29.44 mg/g with particle size of
841-2380 um (Goel et al. 2005). The particle size, surface
area, and maximum adsorption capacity of coconut shell acti-
vated carbon (CSC) were reported to be 75-850 pum,
265.96 m?/g, and 26.50 mg/g, respectively (Sekar et al.
2004). In 105 min of contact time, Pb>* removal were reported
to be 92.5% and 91% for the initial concentrations of 10 and
20 mg/L of Pb**, respectively (Sekar et al. 2004). For 30, 40,
and 50 mg/L of Pb**, the removal efficiencies were 89.7%,
84.9%, and 76.9%, respectively, with a contact time of
120 min (Sekar et al. 2004). The H3;PO4-treated sea-
buckthorn stone activated carbon (PASBAC) was reported to
have the particle size, surface area, and maximum adsorption
capacity of 300-425 um, 1071 mz/g, and 51.81 mg/g, respec-
tively. The ZnCl,-treated sea-buckthorn stone activated

@ Springer

carbon (ZCSBAC) showed similar removal efficiency with
almost half of the adsorption capacity (Mohammadi et al.
2010). The maximum removal efficiencies were in the range
of 98.3-98.5% for an initial concentration of 50 mg/L and
contact time of 40 min. Sekar et al. (2004) reported the in-
crease in removal efficiency by decreasing particle size, due to
the fact that the smaller particles had higher specific surface
area available for adsorption (Sekar et al. 2004). For an initial
concentration of 20 mg/L of Pb>*, the removal efficiency was
increased from 42 to 99% when the particle size of CSC was
decreased from 850 to 75 um (Sekar et al. 2004). The maxi-
mum adsorption capacity of multi-walled carbon nanotubes
(MWCNTs) was 166 mg/g (Farghali et al. 2017). However,
the use of carbon nanotubes in water treatment technology is
limited due to the high cost of CNT (Upadhyayula et al. 2009).
The commercial value of MWCNT was reported to be
US$129/g (Sigma-Aldrich 2019). The adsorption capacity of
JSAC-COO™ was comparable to many adsorbents (Table 3).
However, the contact time for JSAC-COO ™ was much lower
than the other adsorbents, which is an advantage over the other
adsorbents.

The World Health Organization and Health Canada have
set the guideline values for lead concentration in drinking
water to 10 pg/L (WHO 2011; Health Canada 2015). The
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USEPA has set the action level to 15 pg/L (USEPA 2009).
Patterson reported the typical concentrations of lead in drink-
ing water and wastewater generated from the battery
manufacturing, acid mine drainage, tailing pond, and steel
production plants in the range of 0.5-25 mg/L, which are
within the limits of current experiments (Patterson 1985).
The JSAC-COO  adsorbent was produced from jute stick,
which is an inexpensive agricultural byproduct and abundant
in the South and Southeast Asian countries. The preparation of
activated carbon from jute stick and functionalization to pro-
duce JSAC-COO ™ were relatively simple, indicating the fea-
sibility of mass-scale production for domestic and industrial
applications. Being an agricultural by-product, cost of raw
material (e.g., jute stick) is likely to be negligible and the
overall production cost is likely to be low. However, future
study is needed to estimate the cost of JSAC-COO  through
the applications for the domestic and industrial wastewater
treatment. In addition, JSAC-COO can be tested for
coremoval of multiple heavy metals from drinking water and
wastewater.

Conclusions

Removal of lead from drinking water, and domestic and in-
dustrial wastewater has been an issue. The industrial waste-
water may contain very high concentrations of lead, which can
contaminate the sources of drinking water. In addition, drink-
ing water from the tap in house might contain higher concen-
trations of lead than the water distribution system. Lead can
induce several health effects upon exposure to low dose for a
long period. The carboxylated jute stick activated carbon
(JSAC-COO ) has shown the potential for removing more
than 90% of aqueous phase Pb>* jons within 1 min of contact
time. In 15 min of contact time, up to 99.8% removal of Pb>*
ions was achieved. The JSAC-COO  showed excellent effi-
ciency within the operational ranges of pH and temperature in
the water supply systems, which can reduce the treatment cost
further. The adsorbent can be applied for wide ranges of initial
concentrations, pH, and temperature, which is advantageous.
The adsorbent is applicable to both domestic and industrial
scales. Future study is needed to estimate the cost for mass-
scale production and application in domestic and industrial
sectors. Furthermore, toxicity of the JSAC-COO  should be
investigated as the amount of acid needed in the process of
carboxylation might impact the toxicity of JSAC-COO .
Despite these limitations, the proposed adsorbent sheds light
on the fast removal of lead from aqueous solution.
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