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Abstract

Cadmium (II) is known as one of the highly toxic metal ions and its release into wastewater effluents must be carefully and
efficiently treated prior to discharge into water resources. Therefore, the current investigation is devoted to synthesizing a biochar
material from peanut shell waste (PSB) with the aim of further modification with citric acid (CA), as an example of a tricarboxylic
organic acid, by microwave irradiation process to generate the desired PSB@CA nanobiosorbent. The produced PSB and
PSB@CA were characterized by different techniques confirming the presence of some functional groups related to the O-H, C-H
and C=0 stretching vibrations. The acquired SEM images of PSB and PSB@CA showed their structures at the nanoscale range
providing particle distributions at 22-34 and 19-37 nm, respectively. The as-prepared PSB and PSB@CA nanobiosorbents were
compared to identify their incorporated characteristics for Cd(I) ions capture from aquatic systems by the batch technique. The
cadmium capacity of PSB@CA was significantly higher than that of PSB, providing strong evidence for the impact of the citric
acid modifier. The tricarboxylic groups in CA strongly enhanced the superior binding with Cd(II) ions via cation-exchange, ion-
pair interaction and complex formation. The maximum capture capacity values of Cd(II) ions were established at the optimum pH
6.0 providing 0.62 and 1.35 mmol g*! by PSB and PSB@CA, respectively. The equilibrium time at 30 min was characterized by
both PSB and PSB@CA. The temperature effect confirmed an endothermic reaction by PSB and PSB@CA providing the
maximum Cd(Il) adsorption values as 1.35 and 1.66 mmol g at 50 °C, respectively. The ionic strength factor was confirmed to
enhance the determined capacity values of Cd(Il) from 0.65 to 1.03 mmol g"' (PSB) and from 1.39 to 1.82 mmol g*! (PSB@CA)
upon increasing the added NaCl concentration from 10 to 100 mgL-'. Moreover, the removal efficiency values of Cd(II) from the
spiked 2.0 mg L' concentration in tap water, seawater and wastewater were successfully accomplished and corresponded to 98.0,
96.3 and 94.9 £ 0.5 %, respectively. The potential superior validity of PSB@CA in Cd(II) pollutant capture from aquatic systems

and real water matrices with excellent efficiency was also demonstrated.
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1. Introduction such as industrial activities (metal plating, battery

. . . . manufacturing, paper industries and mining operations) [1].
Heavy metals are emitted into the environment either & pap & op ) [1]

. . . These metals exhibit hazardous health effects on the
naturally or as a result of human activities via point sources
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environment and human beings [2]. Moreover, most of these
metals are characterized by non-biodegradability and
carcinogenicity [3]. The release of heavy metals into water is
one of the most serious environmental problems due to the
related public health risks [4]. As a consequence, numerous
studies have been conducted on coagulation and flotation,
reduction and precipitation, ion exchange and electrolysis [5].
However, the documented disadvantages and limitations of
these methods have forced the adsorption technique to emerge
as an alternative, efficient, and low-cost approach for heavy
metals removal from aquatic systems [6]. Therefore,
biosorbent-based nanomaterials are considered promising
alternatives for heavy-metal removal. Moreover, agricultural
by-products and in some cases modified forms could be
applied in heavy metals removal from aquatic wastes [7].
Biochar materials are biosorbents produced from agriculture
and animal by-products [8]. These are categorized as carbon
rich low-cost substances which are produced by thermal
decomposition and pyrolysis of the biomass wastes [9].

Cd(II), as a highly toxic heavy metal is generally released to
the aquatic effluents by numerous activities such as fossil fuel
combustion, and the manufacturing of batteries, plastics,
paints and others and thus poses significant risk of toxicity to
human health, including potential damage to bones, kidney
and other organs [10]. Therefore, great efforts have recently
been focused and devoted to remove Cd(II) pollutant from
water and waste effluents by implementation of the adsorption
technique via numerous biochar materials and other
adsorbents or composites [11]. For example, Typha Latifolia
biochar/xanthan gum nanosorbent improved cadmium uptake
Latifolia

biochar@xanthan gum and thiosemicarbazide (BCXT) was

from water. A nanocomposite of Typha
prepared and applied for enhancing Cd(II) adsorption
providing 252.3 mg/g capacity [12]. Novel corn straw biochar
adsorbents (MCSB) with Mg(Il), sodium sulfamate and nZVI
were prepared and investigated to remediate Cd(I) with
increasing conversion efficiency from 36.98 to 41.61 % [13].
A biochar material was generated from biochar@zeolite
composite with nZVI to produce nZVI-BCZo and enhance its
adsorption efficiency for Cd(II) and As(IIl) from wastewater
providing the highest capacity at 28.09 and 186.99 mg/g,
respectively [14]. A novel biochar composite was synthesized

from the combination of biochar with oxalic acid FeS; to form
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FeS>@OA-BC demonstrating cadmium removal performance
corresponding to 74.7 % efficiency [15]. A sludge biochar was
prepared and modified with phosphate by impregnation-
pyrolysis (PBC) to apply in batch removal of Cd(Il) ions
showing that the leading mechanism was mainly based on the
precipitation (79.94 %) [16]. A sewage sludge biochar (SSB)
was prepared by pyrolysis at 700 °C and used to remove Cd(II)
pollutant with 97.54 % via physical interaction based on
Langmuir isotherm, spontaneous and exothermic process [17].
Moreover, other biochar composites and sorbents were
recently implemented for removal of Cd(Il) pollutant from
aqueous systems [18-20].

Biochars are examples of generated carbonaceous materials
from low-cost biomass feedstocks of different origins
including animal and agriculture residues by using different
pyrolysis approaches [21]. Biochars are rich in carbon-oxygen
functionalities as well as high stability, good porosity and
large area which are generally produced in specific
oxygenated environments [22]. Therefore pristine biochars
were applied as adsorbents in removal of some pollutants, but
low removal efficiency have limited their generalization in
water treatment contaminants [23]. To solve this problematic
issue, surface modification of biochar materials with selected
compounds is commonly used to incorporate some specific
functional groups for the aimed application purposes [24-28].
Based on the above mentioned facts, the novelty in this
investigation is mainly related to the design and assembly of a
novel nanobiosorbent from the combination of two low-cost
materials, a derived biochar from peanut shell waste (PSB) and
citric acid (CA) for the formation of an ecofriendly and
renewable PSB@CA by using a facile microwave irradiation
process. Citric acid, a tricarboxylic acid derivative was
selected as an organic modifier due to its aliphatic nature to
improve the surface of PSB@CA with high contents of
carboxylic acid groups to enable superior capturing of cationic
pollutants. It was also aimed to compare the adsorption
performance of PSB and PSB@CA toward Cd(II) removal
from aquatic systems by the batch system. The two generated
nanobiosorbents, PSB and PSB@CA were characterized and
their comparative Cd(II) removal capabilities were tested,
monitored in numerous

and optimized experimental

controlling conditions.
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2. Experimental

2.1. Instrumentations and materials

The applied instrumentations are fully described in Table
1S (Supplementary Material). The employed chemicals were
of high purity and collected from Aldrich Chemical Company.
A 0.01 mol L™! Cd(II) stock solution was prepared and the pH
of Cd(II) solutions was adjusted in the range pH 1.0-7.0 by the
addition of drops of NaOH or HCI (0.01 mol L™").

2.2. Synthesis of pristine biochar (PSB) and
modified nanobiosorbent (PSB@CA)
Pristine biochar (PSB) was prepared from peanut shell

waste after washing several times with distilled water (DW) to
remove any impurities. This was then collected, dried and
heated in a muffle furnace at 350 °C for 2 h. The collected
material was washed and dried at 70 °C for 6 h to produce PSB.
The modified biochar PSB@CA was prepared by mixing PSB
(5.0 g) with 10 mL DW and 3.0 g citric acid as the organic
modifier. All components were thoroughly ground and heated
in a microwave oven until almost dry. The heating process was
repeated four times to ensure complete binding of citric acid
to the surface of PSB for the generation of modified PSB@CA

nanobiosorbent.
2.3. Optimization of Cd(II) pollutant capture
performance by PSB and PSB@CA

Batch sorption experiments for Cd(II) removal were
conducted in this work. The influence of mass factor was
studied using different dosages of PSB and PSB@CA (5.0-
100.0 mg). A 10.0 mL of Cd(I) solution (0.01 mol L") was
added to the selected dose and agitated for 30 min. The
adsorbed Cd(II) on the surface of PSB and PSB@CA were
filtered, washed with 20.0 mL DW and the unreacted ions were
analyzed by EDTA titration using xylenol orange—hexamine
mixture. This procedure was repeated 3x and the average
Cd(II) sorption capacity was concluded from Equation (1).

g=C—-CH)V/M ()
Where ¢ is the metal sorption capacity (mmol g™)
corresponding to the amount of Cd(II) (mmol) adsorbed per
gram of PSB or PSB@CA. C; is Cd(II) initial mol L', C; is
Cd(I1) residual mol L', ¥ (mL) is the aqueous volume and M
is the mass (g) of nanobiosorbent.
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The influence of pH factor was conducted by adding 20 mg of
PSB or PSB@CA to 10.0 mL of Cd(II) (0.01 mol L) and
adjusting to pH 1.0-7.0 by HCI or NaOH solution (0.01 mol
L"). These were shaken for 30 min, while the residual Cd(II)
was figured out to compute the sorption capacity.

The influence of the time factor was accomplished by reacting
10.0 mL of 0.01 mol L' Cd(Il) with 20 mg of PSB or
PSB@CA at the optimum pH 6.0 condition and selected
duration (1-30 min), while the residual Cd(II) ions were
determined to compute Cd(II) sorption capacity.

The initial Cd(II) concentration factor was investigated by
adding 10 mL of 0.002 — 0.020 mol L' Cd(II) solutions to 20
mg of PSB or PSB@CA at the optimum pH 6.0 condition and
30 min, while the residual Cd(II) ions were figured out to
compute Cd(II) sorption capacity.

The sorption capacity values of Cd(Il) ions were investigated
in the presence of diverse ionic strength conditions by the
addition of 10-100 mg NaCl to 0.01 mol L' Cd(II) solutions
and 20 mg of PSB or PSB@CA. These mixtures were shaken
for 30 min and the residual Cd(II) ions were determined to
compute Cd(II) sorption capacity.

The temperature factor was investigated by adding 10.0 mL of
0.01 mol L' Cd(II) to 20 mg of PSB or PSB@CA at the
optimum pH 6.0 condition. The reaction mixture was shaken
for 30 min at various temperature values from 25 to 50 °C by
a thermostated shaker, while the residual Cd(II) ions was
figured out to compute Cd(II) sorption capacity.
Regeneration and reutilization of the modified PSB@CA
nanobiosorbent after initial removal reaction of Cd(II)
pollutant was also explored to evaluate its economic
feasibility. Therefore, the regeneration step of the loaded
Cd(II) ions onto PSB@CA was performed by treatment with
0.1 mol L' HCI as the recycling agent. The recycled PSB@CA
was washed with DW, dried and then used in further removal
processes of Cd(I) pollutant from aqueous solution. The
recycling and regeneration procedures were repeated four
more times to complete five successive regeneration tests.
The application of PSB@CA in potential removal application
of Cd(II) from polluted natural seawater, wastewater, and tap
water samples was investigated by the batch approach. An
amount of 50 mg of PSB@CA was used in this respect to
remove the spiked Cd(II) concentrations (2.0 & 5.0 mg/L)
from 50 mL of these matrices. These samples were shaken for
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30 min and the adsorbed Cd(II) ions on the surface of
PSB@CA were filtered and the concentration of unreacted
Cd(II) ions in the filtrate was determined by atomic absorption
spectroscopy to figure out the percentage removal values
(R%).

3. Results and discussion

3.1. Characterization

The FT-IR spectroscopy is an effective technique in the
analysis and characterization of incorporated functionalities in
biochar nanobiosorbents and other materials [29]. Therefore,
the FT-IR spectra of PSB and PSB@CA were acquired and
compared as illustrated in Figure 1. The FT-IR spectrum of
PSB (Figure 1a) is characterized by a series of peaks denoting
the nature of this nanobiosorbent as represented by the broad
peak at 3400-3600 cm™! for the O-H stretching. The band at
2924 c¢cm! is attributed to C-H interaction on PSB-surface,
while the peak at 1620 cm™ is assigned to C=O stretching. The
1425 ¢cm™! band corresponds to methyl group 8(C-H), and the
band range at 1200-1280 cm' is mainly correlated to the
aromatic moiety. Finally, the FT-IR of PSB@CA (Figure 1b)
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exhibits most of the above mentioned peaks in PSB, but the
intense peak at 1650 cm! is attributed to the conjugated C=0O
stretching in carboxylic groups via surface loading of CA onto
PSB [30].

The SEM analysis is one of the most powerful techniques for
acquiring surface images of nanobiosorbents [31]. Therefore,
the SEM studies and images of PSB and PSB@CA were
acquired to evaluate the surface morphology of the two
assembled nanobiosorbents as illustrated in Figure 2. The
SEM image of PSB (Figure 2a) exhibited smooth distribution
of homogeneous semi-spherical particles with some
incorporated porosity character providing particle size range
at 22-34 nm to enable good binding and capturing of the target
Cd(II) pollutant. Figure 2b represents the SEM of PSB@CA
and the surface of this nanobiosorbent was also observed in the
nanoscale particle size ranging from 19 nm to 37 nm,
indicating the direct and successful loading of CA on the
surface of PSB biochar. Therefore, the assembled PSB@CA
nanobiosorbent is expected to enhance the uptake capability
for Cd(Il) binding with the surface functional carboxylic

groups.

{a) PSB

—-—'\\/N/'!—'

%T

{b) PSB@CA

/,..,—"’"r

~

3500 3000 2500

2000 1500 1000 s00

Wavenumber {(cm ™)

Figure 1. FT-IR spectra of (a) PSB and (b) PSB@CA.
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Figure 2. SEM images of (a) PSB and (b) PSB@CA.

Thermal gravimetric analysis (TGA) is commonly employed
to determine the thermal stability/degradation of materials
under investigation [32]. Figure 3 shows the thermograms of
PSB and PSB@CA. Four decomposition steps occurred in the
case of PSB (Figure 3a) at 26.5-85.4 °C (mass loss 3.8 %) due
to water volatilization from the surface of PSB. The second
step at 85.4-284.2 °C (loss 2.9 %) and this corresponds to the
partial decomposition of some surface functionalities, while
the third step at 284.2-365.3 °C (19.8 %) corresponds to
decomposition of the carbonic structure. The fourth step at the
range 365.3-562.2 °C with mass loss corresponding to 71.4 %
loss. On the other hand, Figure 3(b) represents the TGA
thermogram of PSB@CA and also showed four different
degradation steps at 24.90-182.7 °C (4.7 % mass loss), 182.7-
252.6 °C (19.6 % mass loss), 252.6-365.7 °C (11.4 % mass
loss) and 365.7-599.5 °C (39.8 % mass loss). These successive
steps are mainly correlated to thermal desorption of adsorbed
water molecules, partial and complete thermal decomposition
of the surface loaded CA modifier and decomposed carbon
skeleton [33]. Finally, the total percentage losses from PSB
and PSB@CA nanobiosorbents upon heating to 600 °C were
corresponding to 97.9 % and 75.5 % to confirm more
incorporated thermal stability characters in PSB@CA by
loading citric acid as an organic modifier.

3.2. Comparative sorption behavior of Cd(II) ions
onto PSB and PSB@CA nanobiosorbents

Batch equilibrium technique was implemented in this

study to compare the adsorptive performance of pristine PSB
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and modified PSB@CA nanobiosorbents and examine their
applicability in Cd(II) pollutant capture. The effect of different
experimental control parameters on the sorption process was
examined and optimized under various conditions including
pH, contact time, nanobiosorbent dosage, initial Cd(II)
concentration, temperature and ionic strength, while the Cd(Il)

capacity in mmol g! was calculated from Equation (1) [34].

3.2.1. Impact of diverse nanobiosorbent dosages on
Cd(II) capture by PSB and PSB@CA

The effect of different dosages of PSB and PSB@CA on
capacity of Cd(II) ions was carried out and compared by using
5.0-100.0 mg of each nanobiosorbent according to Equation
(1). The average values of triplicate results are compiled in
Table 1 and expressed in metal capacity value versus
nanobiosorbent dosage. It is evident that the related capacity
values by PSB@CA nanobiosorbent were significantly higher
than those of PSB to provide excellent evidence for the impact
of citric acid modifier. The tricarboxylic groups in CA were
shown to strongly enhance and improve the direct and superior
binding to Cd(Il)
interaction and complex formation. The maximum Cd(II) ions
capacity (mmol g'') by PSB@CA and PSB were 2.55 and 1.07
mmol g, respectively upon using 5.0 mg nanobiosorbent.

ions via cation-exchange, ion-pair

This can be directly correlated and interpreted by the increased
ratio of Cd(II) ions in contact solution versus nanobiosorbent
dosage [35]. It was also detected that the capacity values for
Cd(II) ions were
nanobiosorbent mass to 100 mg, providing 0.29 and 0.13

decreased upon increasing the
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mmol g! for PSB@CA and PSB. Such decrease is mainly
attributed to the small ratio of metal ions in solution compared
to the high nanobiosorbent dose [36].

3.2.2. Impact of diverse pH conditions on Cd(II)
capture by PSB and PSB@CA

The assistance of pH on Cd(II) pollutant removal
performance by pristine PSB and modified PSB@CA is a
crucial factor in determining and evaluating the removal
efficiency by the assembled nanobiosorbents. The pH of
contact solution is known to play a significant role in affecting
the protonation degree of surface groups and the investigated
Cd(II) pollutant [37]. Therefore, the effect of contact pHs (pH
1.0-7.0) on the Cd(Il) capacity was studied (Figure 4). It is
evident that the modified PSB@CA nanobiosorbent was
confirmed with high incorporated capabilities for Cd(II)
pollutant removal from aqueous solution due to the loaded
citric acid. The concluded capacity values of Cd(II) (mmol g
1 are referring to low removal efficiency at pH 1 and 2 by the
two investigated nanobiosorbents providing 0.26 and 0.35
mmol g (pH 1.0) as well as 0.34 and 0.49 mmol g (pH 2.0)
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by PSB and PSB@CA, respectively. This behavior could be
assigned to electrostatic repulsion between the protonated
surface and Cd(II) cations [38]. However, by enhancing the
pH to 6.0, maximum removal values of Cd(Il) were
established providing 0.62 and 1.35 mmol g"! (pH 6.0) by PSB
and PSB@CA, respectively to refer to the ability of Cd(II) to
strongly interact and bind to the surface at almost neutral pH
conditions (pH 6.0-7.0).

3.2.3. Impact of diverse reaction times on Cd(II)
capture by PSB and PSB@CA

The impact of diverse reaction durations on Cd(II)
pollutant removal by the assembled PSB and PSB@CA was
accomplished in the same way by the batch technique as an
important and critical factor in the removal process. This may
be related to the dependence of the adsorption technique on
this parameter [39].

Therefore, the shaking time influence on Cd(II) capacity by
PSB and PSB@CA nanosorbents was determined by using
time range from 2 to 60 min at pH 6.0 as provided in Figure 5.

mg
(1) 284.2 -365.3 °C
6.00 (loss 19.8%)
(1) 26.5-85.4 °C
(loss 3.8 %)
(11) 85.4-284.2 °C
4.00 (loss 2.9 %)
(IV) 365.3 -562.2°C
2.00 (loss 71.4 %)
(a) PSB b
0.00
0.0 100.0 200 300 400 500 600
Temperature (°C)

mg
8.00 (1) 182.7-252.6 °C
(loss 19.6 %)
6.00 | 124.90-182.7°¢ (IV) 365.7-599.5 °C
. (loss 4.7%) (loss 39.8 %)
4.00 (1) 252.6-365.7°C
(loss 11.4 %)
2.00
(b) PSB@CA
0.00
0.0 100.0 200 300 400 500 600
Temperature (°C)

Figure 3. TGA thermograms of (a) PSB and (b) PSB@CA.

Table 1. Effect of nanobiosorbent dosages.

(Conditions: 10 mL of 0.01 mol L' Cd(II), time = 30 min, mass 5-100 mg)

Metal capacity of Cd(II) in mmol g™! at diverse nanobiosorbent dosages (mg)*
Nanobiosorbent 3 10 20 30 40 50 60 70 80 | 90 | 100
PSB@CA 2.55 2.37 2.01 1.76 1.52 1.28 0.90 0.73 0.51 0.37 0.29
PSB 1.07 0.98 0.76 0.65 0.46 0.30 0.22 0.18 0.15 0.14 0.13

* Values are the average metal capacity of Cd(II) in mmol g! based on triplicate runs with RSD = 1.4- 2.9 %).
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Figure 4. Effect of pH conditions on Cd(II) removal by PSB and PSB@CA.
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Figure 5. Effect of reaction time conditions on Cd(Il) removal by PSB and PSB@CA.

As demonstrated, a gradual increasing orders in the metal
of Cd(ll) ions by the two

nanobiosorbents were increased from 2.0 min up to 30 min to

capacities investigated
reach to the equilibration time at 30 min. The characterized
capacities of Cd(II) ions by PSB and PSB@CA were identified
as 0.24 and 0.35 mmol g' (2.0 min), 0.53 and 1.07 mmol g’!
(10.0 min), and 0.62 and 1.35 mmol g! (30.0 min),
respectively. After the equilibration time, slight increase in
capacity values of Cd(II) ions by PSB and PSB@CA were
reached to 0.65 and 1.40 mmol g (60.0 min). Finally, the

128

concluded Cd(Il) pollutant capacity values refer to the
superiority of PSB@CA compared to PSB in terms of the
played role by the surface incorporated tricarboxylic acid
functionalities in enhancing and improving the direct binding
reaction with Cd(II) ions [40].

3.2.4. Impact of diverse Cd(II) concentration on
CdI) capture by PSB and PSB@CA

The influencing role of Cd(II) ions concentration is
another significant impacting factor on the adsorption

behavior of the assembled pristine PSB and modified
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PSB@CA. Therefore, this assessment study was conducted to
compare the removal performance of PSB versus PSB@CA
by reacting the selected Cd(II) concentration (0.002 -0.020
mol L") with 20 mg of nanobiosorbent at the optimum pH 6.0
condition and 30 min duration. As demonstrated in Table 2,
the Cd(II) capacity by both PSB and PSB@CA was found to
improve by increasing Cd(II) concentration. For example, the
of Cd(Il) ions by PSB were
corresponding to 0.16, 0.62 and 1.39 mmol g! by using 0.002,
0.010 and 0.020 mol L, respectively, while PSB@CA
exhibited 0.29, 1.35 and 2.38 mmol g! by using 0.002, 0.010
and 0.020 mol L-!, respectively. Such improvement in the

removal efficiencies

capacity value at higher Cd(II) concentration is correlated to
high ratio of Cd(II) ions compared to the loaded active sites on
the evaluated nanobiosorbent. Additionally, the confirmed
capture values of Cd(II) pollutant by PSB@CA were higher
when compared to those related to PSB to verify the role of
increased number of surface loaded carboxylic groups in
enhancing the direct metal ions binding [41].

3.2.5. Impact of diverse temperatures on Cd(Il)
capture by PSB and PSB@CA

The impacting role of temperature on Cd(II) capture
efficiency by the assembled pristine PSB and modified
PSB@CA were investigated to asses the temperature
contribution on the uptake values and characterize the
endothermic or exothermic This study was
accomplished by mixing 10 mL of 0.01 mol L' Cd(II) with
20.0 mg dosage at pH 6.0 and shaking the reaction mixture for

nature.

30 at temperature range from 25-50 °C as compiled (Table 3).
The observed trends are mainly denoting to the increase in
Cd(II) capacity by raising the temperature from 25 to 50 °C to
confirm an endothermic reaction by the two investigated PSB
and PSB@CA nanobiosorbents. The characterized capacity
values of Cd(II) ions by PSB were enhanced and identified to
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increase from 0.62 to 0.91 mmol g! by increasing the
temperature from 25 to 55 °C, respectively, while the values
by PSB@CA nanobiosorbent at the same two temperatures
were corresponding to 1.35 and 1.66 mmol g*!, respectively.
As indicated, the outcomes of this study are denoting that the
binding reactions of Cd(II) pollutant onto PSB and PSB@CA
nanobiosorbents are basically dependent on an endothermal
reaction. Moreover, the superior uptake behavior of PSB@CA
when compared to PSB is mainly attributed to the high binding
and chelating efficiency of citric acid by the three incorporated
carboxylic groups [42].

3.2.6. Impact of diverse ionic strength conditions on

CdI) capture by PSB and PSB@CA

As outlined, the surfaces of assembled PSB and PSB@CA
nanobiosorbents are mainly composed of negatively charged
functional groups as —OH and —COOH. Therefore, these
functionalities are expected to highly contribute to the
adsorption reaction of the target cationic Cd(II) pollutant by
the presence of high ionic strength from Na* ions. Therefore,
the ionic strength impact was testified by the addition of NaCl
doses (10-100 mg) to the reaction which was composed from
the mixing of 10.0 mL of 0.01 mol L-'Cd(II) with 20.0 mg PSB
or PSB@CA at pH 6.0 and 30 min reaction time. As listed in
Table 4, the capture behaviors of Cd(Il) pollutant by the
investigated PSB and PSB@CA nanobiosorbents were
identified to follow increasing orders of determined capacity
values from 0.65 to 1.07 mmol g and from 1.39 to 1.85 mmol
g’!, respectively upon increasing the added NaCl from 10 to
100 mg. It is also evident that the increase in Cd(II) uptake by
PSB@CA may be correlated to the hydrogen ions exchange
by Na® in the carboxylic groups and this contributed to the
increasing binding capability of these groups with Cd(II) ions

in solution via cation-exchange mechanism [43].

Table 2. Effect of diverse initial concentration conditions of Cd(II).

(Conditions: time = mass 20 mg, Time 30 min, pH 6.0, 10 mL of 0.002-0.020 mol L' Cd(II))

Metal capacity of Cd(II) in mmol g™! at diverse Cd(II) concentrations (mol L")*
Nanobi t
anobiosorbent 1= 00> TT0:004 | 0.006 | 0.008 | 0.010 | 0.012 | 0.014 | 0.016 | 0.018 | 0.020
PSB@CA 029 | 052 | 081 | 016 | 135 | 0.166 | 0.189 | 0203 | 0219 | 238
PSB 016 | 028 | 039 | 050 | 062 | 085 | 097 | 1.17 | 128 | 139

* Values are the average metal capacity of Cd(II) in mmol g! based on triplicate runs with RSD = 1.0- 3.3 %).
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Table 3. Effect of diverse reaction temperature conditions.
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(Conditions: 10 mL of 0.01 mol L' Cd(Il), time = 30 min, mass = 20 mg, pH = 6.0, temperature range = 25-50 °C)

. Metal capacity of Cd(II) in mmol g™ at diverse reaction temperature conditions*
Nanobiosorbent 25°C 30°C 35°C 40°C 45°C 50°C
PSB@CA 1.35 1.39 1.46 1.50 1.61 1.66
PSB 0.62 0.68 0.74 0.79 0.86 0.91

* Values are the average metal capacity of Cd(II) in mmol g! based on triplicate runs with RSD = 0.8- 2.5 %).

Table 4. Effect of diverse ionic strength conditions.

(Conditions: 10 mL of 0.010, time = 30 min, mass 20 mg, pH 6.0, added NaCl = 10-100 mg)

Metal capacity of Cd(II) in mmol g™ at diverse ionic strengths of NaCl (Mg)*
Nanobiosorbent
10 20 30 40 50 60 70 80 920 100
PSB@CA 1.39 1.44 1.53 1.59 1.65 1.70 1.74 1.77 1.81 1.85
PSB 0.65 0.72 0.77 0.83 0.87 0.92 0.96 1.01 1.04 1.07

* Values are the average metal capacity of Cd(II) in mmol g! based on triplicate runs with RSD = 1.6- 3.7 %).

Finally, the superior capture behavior of PSB@CA compared
to PSB is also confirmed by the impact of ionic strength factor
as illustrated in Table 4.
3.2.7. Regeneration and reutilization of the modified
PSB@CA nanobiosorbent

Regeneration and reutilization of the modified PSB@CA
nanobiosorbent after initial removal reaction of Cd(II)
pollutants is a significant step in terms of the economic
feasibility [44]. Therefore, the regeneration step of the loaded
Cd(II) ions onto PSB@CA was performed via treatment with
0.1 mol L"'HCl as the recycling agent. The recycled PSB@CA
was then used in additional removal processes of Cd(II)
pollutant. After the first regeneration step, the percentage
uptake value of Cd(II) pollutant was corresponded to 1.29
mmol g! to confirm 95.56 % stability. Moreover, the
regenerated PSB@CA after the fifth recycling procedure was
found to efficiently remove Cd(II) ions with 1.17 mmol g™! to
confirm 86.67 % stability and thus additionally refer to the
high incorporated stability of PSB@CA nanobiosorbent under
the recycling condition.
3.2.8. Water remediation of Cd(II) pollutant by

PSB@CA

The potential remediation of Cd(II) pollutant from various
samples by the action of modified PSB@CA nanobiosorbent
was also investigated as an important practical procedure. The

selected water samples (tap water, sea water and wastewater)
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were collected and spiked to generate 2.0 and 5.0 mg L'
concentration of Cd(I). 50 mL of these samples were mixed
and reacted with 50 mg of PSB@CA and subjected to batch
removal process by shaking for 30 min. The removal (%) of
Cd(II) was determined by the atomic absorption analysis and
the outcomes of this study were computed to confirm the
removal efficiency values from the spiked 2.0 mg L
concentration, providing 98.0, 96.3 and 94.9 + 0.5 % from tap
water sea water and wastewater, respectively. Similarly, the
spiked 5.0 mg L'! concentration in tap, sea, and wastewater
were characterized to exhibit high removal percentages
providing 96.4, 93.5 and 92.6 + 0.7 %. Hence, the investigated
and evaluated PSB@CA strongly denotes to the applicability
and visibility of this modified nanobiosorbent for the treatment
of Cd(II) pollutant from waste effluents, providing excellent

Cd(II) capture performance.

4. Conclusion

A facile, rapid and green microwave-assisted procedure
was employed to covalently bind peanut shell biochar (PSB)
with tricarboxylic citric acid for the formation of the modified
PSB@CA nanobiosorbent without any organic or hazardous
solvent. PSB@CA was efficiently produced from low cost
waste materials and modified with ecofriendly and
biodegrable citric acid as a surface modifier to improve the
uptake performance towards cationic pollutants as Cd(II)

pollutant. The two biosorbents, PSB and PSB@CA, were
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explored and compared in Cd(II) pollutant capture from
aquatic systems. Superior performance of PSB@CA toward
removal and capture of Cd(II) were concluded from all
explored and investigated experimental controlling factors
when compared to PSB. The tricarboxylic groups in PSB@CA
strongly support the superior binding with Cd(II) ions via
cation-exchange, ion-pair interaction and complex formation.
The ionic strength factor was identified to intensify the
assessed Cd(Il) capacity from 1.39 to 1.82 mmol g
(PSB@CA) with NaCl concentrations rising from 10 to 100
mg. PSB@CA showed high stability and reusability during
regeneration cycles and referred to excellent performance after
the first regeneration step providing 1.29 mmol g™ Cd(II)
pollutant removal to confirm 95.56 % stability and the fifth
recycling procedure afforded efficient Cd(Il) ions removal
with 1.17 mmol g™! to refer to 86.67 % stability. Moreover, the
removal efficiency values of Cd(II) from tap, sea, and
wastewaters were successfully accomplished, providing 98.0,
96.3 and 949 + 0.5 % from the spiked 2.0 mg L'
concentration, respectively. Collectively, these findings
confirm the promising applicability of PSB@CA as an
efficient, sustainable, and renewable nanobiosorbent for the
remediation of Cd(II) pollutant from both laboratory-prepared
solutions and real aquatic systems.

Nevertheless, two main limitations should be noted. Firstly,
the current study was exclusively focused on Cd(II) as the only
model pollutant. Secondly, the adsorption experiments were
performed using the batch technique, which is inherently
limited in treating large sample volumes. To overcome these
limitations, future works are suggested to focus on extending
the application of PSB@CA to the removal of other hazardous
organic and inorganic contaminants from wastewater. For
practical large-scale water treatment applications, it is
suggested to scale up the process by employing dynamic

column techniques.
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