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Abstract

The difference between physical activations (by sonications) and chemical activations (by ammonia) on sawdust biochar
has been investigated in this study by comparing the removal of Cu(II) ions from an aqueous medium by adsorption on
sawdust biochar (SD), sonicated sawdust biochar (SSD), and ammonia-modified sawdust biochar (SDA) with stirring at
room temperature, pH value of 5.5-6.0, and 200 rpm. The biochar was prepared by the dehydrations of wood sawdust
by reflux with sulfuric acid, and the biochar formed has been activated physically by sonications and chemically by
ammonia solutions and then characterized by the Fourier transform infrared (FTIR); Brunauer, Emmett, and Teller
(BET); scanning electron microscope (SEM); thermal gravimetric analysis (TGA); and energy-dispersive spectroscopy
(EDX) analyses. The removal of Cu(Il) ions involves 100 mL of sample volume and initial Cu(II) ion concentrations
(conc) 50, 75, 100, 125, 150, 175, and 200 mg L~! and the biochar doses of 100, 150, 200, 250, and 300 mg. The maxi-
mum removal percentage of Cu(Il) ions was 95.56, 96.67, and 98.33% for SD, SSD, and SDA biochars, respectively, for
50 mg L~! Cu(Il) ion initial conc and 1.0 g L~! adsorbent dose. The correlation coefficient (R?) was used to confirm the
data obtained from the isotherm models. The Langmuir isotherm model was best fitted to the experimental data of SD,
SSD, and SDA. The maximum adsorption capacities (Q,,) of SD, SSD, and SDA are 91.74, 112.36, and 133.33 mg g_l,
respectively. The degree of fitting using the non-linear isotherm models was in the sequence of Langmuir (LNR) (ideal
fit) > Freundlich (FRH) > Temkin (SD and SSD) and FRH (ideal fit) > LNR > Temkin (SDA). LNR and FRH ideally
described the biosorption of Cu(II) ions to SD and SSD and SDA owing to the low values of y* and R? obtained using
the non-linear isotherm models. The adsorption rate was well-ordered by the pseudo-second-order (PSO) rate models.
Finally, chemically modified biochar with ammonia solutions (SDA) enhances the Cu(Il) ions’ adsorption efficiency
more than physical activations by sonications (SSD). Response surface methodology (RSM) optimization analysis was
studied for the removal of Cu(Il) ions using SD, SSD, and SDA biochars.
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1 Introduction

Highlights
o The adsorption of Cu(Il) ions by SD, SSD, and SDA was best

modelled by Langmuir and PSO.

e SD, SSD, and SDA are effective and cheap biosorbents for the
confiscations of Cu(II) ions.

e The impact on the sorptions efficiency of SD, SSD, and SDA
was influenced by the pH.

e The Q,, for Cu(Il) onto SD, SSD, and SDA was 91.74, 112.36,
and 133.33 mg g~!, respectively.
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Recently, increase in environmental contaminations was
caused by the release of heavy metals (HMs) [1-3] such
as arsenic (As), chromium (Cr), cadmium (Cd), copper
(Cu), iron (Fe), lead (Pb), mercury (Hg), nickel (Ni), and
zinc (Zn), grouped as inert chemicals [4-9] which are
present in wastewater, and has an effect to humans and
the environment [10, 11], dyes [12, 13], and other nox-
ious materials, owing primarily to the incessant expan-
sions of industrial activities and the massively increasing
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human populations, as well as the continuous evolutions
of technological advancements [14—18].

Globally, these increasing environmental contamina-
tions or effluences are critical prompting several noxious
wastes and agricultural and climatic difficulties that are
antagonizing and detrimental to humans (health com-
plications and otherwise), other living organisms, natu-
ral resources, and the entire aquatic, atmospheric, and
terrestrial ecosystems [19, 20]. Organic and inorganic
emissions from industrial activities, waste furnaces from
industrial activities, use of fossil fuels from industrial
activities and automobile exhausts, as well as the use of
modern agricultural machinery appear to be some of the
primary sources of these environmental contaminations
or toxic wastes [21]. It is therefore evident that indus-
tries, especially those manufacturing industries such as
mining, plating, electroplating, smelting, metallurgy, fer-
tilizer, paper, refining, tanneries, wood, surface finish-
ing, agrochemicals, and petrochemicals, use HMs during
production and, in one form or the other, convey several
noxious substances and other environmental effluences
to the ecosystems (particularly the aquatic environment)
during the process [22—-26]. Supposedly, the industrial
and agricultural sectors are to contribute suggestively to
the rehabilitation and remediation progressions as well
as be the frontier in the development, advancement, and
management of the economy as well as society in general
for environmental and agricultural sustainability.

Cu is believed to be one of the most widely utilized
metals in several domains as well as in our daily activi-
ties as an ornament amongst all other HMs [27]. Cu is
also being used in plating and electroplating, the manu-
facturing of brass, mining and smelting, petrochemical
refining, as well as the manufacturing of in Cu-based
agrochemicals, etc. The wastes from Cu(Il) ions in the
form of effluents or wastes from these manufacturing
industries are released into the ecological environments
in various quantities. These wastes end up endangering
humans, other living organisms (animals and plants), and
the entire ecosystem [28, 29]. Essentially, the extent of
environmental contaminations from Cu(Il) ions and other
HMs in wastewater is determined primarily by the period
and extent of the contaminations, as well as the actions
that initiate the source of the contaminations [28, 30].
Elevated levels of Cu in the human blood could harm
various key organs, including the liver, kidney, and pan-
creas, and cause reactive oxygen types, DNA, lipid, and
protein impairments [22]. While in the aquatic ecosys-
tem, they damage aquatic animals’ critical organs (such
as the liver, gills and kidneys) and systems (such as the
neurological system), in addition to their sexual lives.
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However, the permissible international extent of Cu(II)
ions in drinking or domestic water according to inter-
national regulatory bodies (such as the USEPA, BIS,
and WHO) varies between 1.30, 1.50, and 2.00 mg L,
respectively [28, 30].

Therefore, it is imperative to remove noxious HMs and
other noxious materials from wastewater and the environ-
ment at large, to manage and mitigate the ensuing antag-
onizing and detrimental consequences. Accordingly,
there are variously described, established, and reported
technologies such as adsorption, biosorption, chemical
precipitation, electrolytic recovery, flotations, and mem-
brane separations for the control, rehabilitations, man-
agement, remediations, recovery, and sequestrations of
HMs from the environment [31-38]. The adsorption pro-
cess has been widely considered and described as one of
the modern and most ecologically friendly techniques for
removing and managing noxious HMs and other noxious
materials from wastewaters ensuing from several indus-
trial activities [28].

Several scientists have and are currently investigating
low-cost (cheap) adsorbents with remarkable metal-bind-
ing abilities for wastewater management and treatment
[2, 28, 29]. Correspondingly, it has been reported that a
variety of agro-based by-products, such as fruit peelings,
compost, seeds, and plant leaves, are nowadays widely
used for wastewater treatment in the presence of HMs [2,
28, 29, 39]. The core components of flora cells are cel-
lulose, lignin, and tannin, which have a high capacity for
absorbing HM ions [5, 40]. Nonetheless, the focus of this
research will be on the Cu adsorption and confiscation
potentials in solutions (water), which, like all other HMs,
are primarily derived from industrial activity. Neverthe-
less, few investigations on the adsorption capabilities of
absorbing Cu(Il) ions from aqueous solutions have been
published [41-48]. The use of biosorption modified bio-
char, as well as the applications of physical and chemical
activations, have progressively been implemented for the
sustainable removal of noxious contaminated materials
from aqueous solutions [49, 50].

As a result, the current study endeavoured to re-eval-
uate and re-explore the possibilities of using waste agro-
based by-products as a natural adsorbent for Cu(II) ion
removal. The basis for this study was to demonstrate the
use of more readily available waste agro-based by-prod-
ucts as a natural for Cu(Il) ion removal. The study will
consider and focus on the difference between physical
activations (by sonications) and chemical activation (by
ammonia) on sawdust (SD) biochar by investigating the
removal of Cu(Il) ions from aqueous mediums compara-
tively by adsorption on SD, sonicated sawdust (SSD), and
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ammonia-modified sawdust (SDA) biochar with stirring
at room temperature, pH value of 5.5-6.0, and 200 rpm.
The SD biochar was prepared by the dehydrations of
wood saw via reflux with sulfuric acid, and the biochar
formed was activated physically by sonications (SSD) and
chemically by ammonia solutions (SDA). Besides, the
experimental, characterization, and morphological stud-
ies using the FTIR, BET, SEM, TGA, XRD, and EDX
analyser were systematically considered and emphasized.

2 Materials and methods
2.1 Materials and apparatus

Wood saw dust was obtained from a local wood market
in Alexandria, Egypt, and was utilized as a raw material
for preparing the biochar. Ammonia solution (NH,OH,
MWt=35 g, assay 25%) was acquired from Sigma-
Aldrich, USA. The standard stock solutions of Cu(II)
(CuSO,, MWt =249.69 g, assay 99%) was gotten from
copper sulfate of Sigma-Aldrich, USA. Sodium diethyl-
dithiocarbamate used as a chromogenic reagent for Cu(II)
ion detections was acquired from BDH Chemicals LTD,
Poole, UK. Pg instrument model T80 UV/Visible high-
performance double-beam spectrophotometer matched
with glass cells of 1 cm optical path, Shaker (A JS shaker
(JSOS-500)), and pH meter JENCO (6173) were used in
this study.

2.2 Methods
2.2.1 SD biochar preparations

The collected saw dust was thoroughly washed with tap
water several times to remove dust and subsequently dried
in an oven at 105 °C for 48 h. Two hundred and fifty grams
of saw dust placed in 1000 mL solutions of 75% H,SO,
was boiled in a refluxed setting at 200 °C for 2 h, and then,
the samples were sieved and washed with purified water
until the washing solutions become neutral; thereafter, it
was washed with ethanol. The final sample of biochar was
then dried in an oven at a temperature of 105 °C; subse-
quently, its weight was measured (112 g). The acquired
biochar from this process was labelled as SD.

2.2.2 SSD biochar preparations
The prepared SD biochar was suspended in water and

subsequently subjected to ultrasonic energy for 30 min for
physical activations. The sonicated solution was filtered

and washed with distilled water and dried at 105 °C. The
obtained sonicated SD from this treatment was labelled
as SSD [29].

2.2.3 Ammonia-modified SD biochar (SDA) preparations

The prepared SD was subsequently subjected to ammo-
nium hydroxide (NH,OH). For functionalized SD with
NH,OH, 20 g of prepared SD was boiled in a refluxed
setting in a 100-mL solution of 25% NH,OH for 120 min.
After, it was cold filtered and washed with purified water
and finally washed with ethanol. Lastly, the functional-
ized biochar was then dried at 105 °C for 48 h and was
labelled as SDA [29].

2.3 Characterizations of biochars

The adsorption—desorption (A-D) isotherm of N, gas on
biochar was attained at the boiling point of N, gas. The
measurements of the BET surface area (Sggp) of the bio-
chars were through the adsorption of nitrogen at 77 °K
employing the surface area and pore analyser [51, 52],
(BELSORP-Mini II, BEL Japan, Inc.). The investigations
of the isotherm were undertaken by utilizing the BET
plot in obtaining a monolayer volume (V) (cm? (STP)
g_l), the surface area (Sggt) (m2 g_l), total pore volume
(cm?® g™1), energy constant (C), as well as the mean pore
diameter (nm). Also, the micropore surface area (S,,;) and
micropore volume (V,;) along with the mesopore surface
area (S,,.,) and mesopore volume (V) of biochars were
obtained through the Barrett—Joyner—Halenda (BJH)
technique [29, 53], in accordance with the BELSORP
analysis software program. The pore size distributions
were estimated from the desorption isotherm via the uti-
lizations of the BJH technique. The surface morphology
of biochars was considered through the SEM (QUANTA
250) together with the EDX that was carried out for
the elemental investigations. The studies of the func-
tional groups (FGs) on the biochar surface were carried
out using the FTIR spectroscopy (VERTEX70 model)
coupled with the Platinum ATR unit (model V-100) in
detecting the IR-observable FGs on the biochar surface,
with the wavelength number range (400-4000 cm™).
X-ray diffractograms (XRD) used a Bruker Meas Srv
(D2 PHASER) (D2-208219)/D2-2082019 diffractometer
operating at 30 kV and 10 mA with a Cu tube (1=1.54)
and with a 260 range of 5-80. The thermal analyses were
executed by the SDT650-Simultaneous Thermal Analyser
instrument in the range between 50 and 1000 °C utilizing
a temperature of 5 °C for every 60 s as ramping tempera-
ture [29, 53].
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Table 1 Range and levels used

for the batch SD. SSD. and Biochar Independetnt vari- Units Minimum Maximum Mean StD
SDA adsorption ,studie:s able notations
SD A: X1 gL} 1 3 2.08 0.85
B: X2 mg L™ 50 175 107.50 53.86
C: X3 min 15 180 96.75 71.11
SSD A: X1 gLt 1 3 1.95 0.89
B: X2 mg L™ 50 200 128.75 61.92
C: X3 min 5 180 77.50 71.18
SDA A: X1 gL} 1 3 2.05 0.84
B: X2 mg L™ 50 200 122.50 63.30
C: X3 min 5 180 83.00 73.90

A, adsorbent dose; B, Cu* ion initial conc; C, contact time

2.4 Measurement adsorption for the divalent Cu

A stock solution of Cu(II) ions (1000 mg L") was
acquired by dissolving 3.921 g of CuSO,-5H,0 in
1000 mL of purified water, and this solution was diluted
to have the needed concentrations (conc) for the removal
test as well as the standard curve. Batch adsorption
experiments were undertaken to estimate the adsorption
capability and thermodynamic and kinetic variables of
the SD, SSD, and SDA which were acquired from saw-
dust [29]. A series of Erlenmeyer flasks (EFs) (300 mL)
encompassing of 100 mL of various conc of Cu(Il) ion
solutions and varied quantities of biochar were stunned
at 200 rpm for a specific durations. The sample pH was
modified to the anticipated values with 0.1 M HCI or
0.1 M NaOH. Approximately 0.1 mL of the solutions in

Fig. 1 FTIR analysis of SD 100%

the EFs was then detached from the adsorbent, and the
conc of Cu(Il) ions were determined at various inter-
vals of time and equilibrium. The conc of Cu(Il) ions
were estimated via the spectrophotometry employing
sodium diethyldithiocarbamate as a chromogenic agent
(Amax =460 nm) [29, 54].

Initially, the slope of the standard curve correlated
between known Cu(II) ion conc and related absorb-
ance was used to calculate the unknown Cu(II) ion conc
(C,) at time intervals from absorbance value practically
detected. C, calculations are carried out using Eq. (1).

_ absorbanceatinter valtimet :
slopeofstandardcurve M

t

Cu(II) ion conc at equilibrium C,; at stable values of
absorbance, Eq. (2) shows C, calculations.
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The adsorption capacities at equilibrium (g,) were esti-
mated using Eq. (3):

_CO_Ce v
9=~ X 3

where g, is the amount of metal per unit of adsorbent at
equilibrium (mg g™'); C; and C, are the initial and equilib-
rium conc in the liquid phase (mg L), respectively; and
V is the volume of the solutions (L) while W is the mass of
adsorbent (g) [29].

2.4.1 The impact of solutions pH

The impact of pH was undertaken by contacting 100 mL
of 100 mg L™ of initial Cu(II) ion conc at varying pH

of 1.50-5.5, with a fixed dosage of SD, SSD, and SDA
biochars. Since Cu(Il) ions precipitated at pH > 6, so the
removal study was carried out at pH 1.50-5.5 [29].

2.4.2 The impact of initial Cu(ll) ion conc and adsorbent
dosage

The isotherm study for saw dust biochars was carried out uti-

lizing the various initial conc of Cu(II) ion solutions (50, 75,
100, 125, 150, 175, and 200 mg L‘l) which were contacted

Table 2 BJH data analysis of (a) SD, (b) SSD, and (c) SDA biochars

Biochar ay; m?g™! Vi m?g~! rp; peak
(area);
nm

SD 3.5890 0.012872 1.22

SSD 4.5740 0.015620 1.22

SDA 3.2593 0.007689 1.66
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Fig.3 Scanning electron
microscope analysis of a SDB,
b SSDB, ¢ SDAB, and d SD
raw material

with different doses (1.0, 1.5,2.0,2.5,and 3.0 g L‘l) for SD
biochar and (1.0, 1.5, 2.0, 2.5,and 3.0 g L_l) for SSD and
SDA biochars. The samples were shaken at 200 rpm, and
the Cu(I) ion conc was analysed at different time intervals
at room temperature (25 +2 °C) [29].

2.4.3 The impact of contact time

In the kinetics study, a changing dose of SD, SSD, and
SDA biochars (1.0, 1.5, 2.0, 2.5, and 3.0 g L‘l) was
added to EFs comprising 100 mL of sample volume;
50, 75, 100, 125, 175, and 200 mg L~! of initial Cu(II)
concentrations were shaken at 200 rpm. Samples were
withdrawn from the solutions at various intervals of
time, and the residual conc of Cu(Il) ions left in the
solutions were then analyzed [29].

2.5 Optimization study RSM

Optimal designs are very adaptable and can handle vari-
ous operator limitations and other complicated experi-
mental design issues like constrained designed regions,
various levels, and limits on the overall amount of exper-
imental runs. These designs are mathematically created
designs which seek to reduce a particular optimality
measure to opt for a near-optimal design. The mathe-
matical measure focuses on the regression coefficient
estimation or the response variable in the design region
prediction employing the optimality conditions [55].
The D-optimal design was employed to study the
adsorption of Cu** ions from adsorbent coating using the
State-Ease Design Expert v 13.0.5.0 software. Optimiza-
tions of effective parameters on the adsorption process,

Table 3 EDX analysis data of

; Biochar SD biochar SSD biochar SDA biochar
SD, SSD, and SDA biochars

Elements wt% at.% wt% at.% wt% at.%
C 48.23 66.33 55.35 63.39 57.19 64.32
N ND ND ND ND 7.63 7.32
(0] 28.15 28.98 28.48 28.31 32.65 27.42
S 23.62 12.13 16.17 8.30 2.23 0.94
ND not detected
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Fig.4 Thermal gravimetrical analysis of a SD biochar, b SSD bio-
char, and ¢ SDA biochar

i.e. the impacts of the three independent variables (A:
adsorbent dose, B: initial Cu?* ion conc: and C: contact
time) on the response (R: Cu?* ions % of removal) were
studied using the response surface methodology (RSM).
The range and variable of the experiment are given in
Table 1.

The optimal custom design for the A, B, and C was based
on 6 axial points, 8 factorial points, and 6 replicates at the

central point. The number of experiments that were carried
out was estimated by Eq. (4):

N=24+2k+C=22+23+6=20 4

where N is the number of experiments that were carried
out, K is the number of factors to be tested, and C is the
number of experiments conducted at the centre. The lower
and higher limits of each factor are shown in Table 1. The
experiment data matrix was obtained using the State-Ease
Design Expert v 13.0.5.0. The obtained model was statisti-
cally analysed by the analysis of variance (ANOVA). The
interactions amongst the various variables were considered
by employing the surface contour plots.

3 Results and discussions
3.1 The characterization of the biochars
3.1.1 Estimating biochar surface FGs by FTIR

FTIR analysis was performed on sawdust biochar and its
modified derivatives for identifications of the FGs on
their surfaces. Figure 1 shows FTIR spectra of SD, SSD,
and SDA biochars. Bands at 3363 and 3353 cm™! repre-
sent the O—H stretching vibrations and were noticed in
SD and SSD biochars, respectively. While in SDA, a new
weak band appeared at 3780 cm™! representing (-NH) of
the amino group, signifying that the NH,OH modifica-
tions intensified the N—-H FGs. The band at 3185 cm™!
represents the stretching of water dissociations and non-
dissociations, while the band at 3056 cm™! represents
aromatic (= C-H) stretch. Bands appearing at 2941 and
2937 cm~! in SD and SSD represent —C—H stretch of
the alkyl. Weak bands from 2000-1665 cm™! known as
overtones were bands at 1967 cm™' in SDA, 1697 ¢cm™!
in SD, and 1692 ¢cm~' in SSD biochars. Respective
bands at 1597, 1593 and 1575 cm™~! in SD, SSD, and
SDA biochars represent —-C—C- stretch (in-ring) [56],
while bands from 1500 to 1700 cm~! represent amine
N-H and carbonyl group C=0 [57]. The new band at
1422 cm™! in SDA biochar represents C—O FGs. Bands
at 1372 and 1371 cm™! in SD and SSD biochars, which
were noticed not to be present or extinct in SDA biochar,
were allocated to the stretching vibrations of -N=C=0
FGs or primarily assigned to C-N stretching. The bands
at 1193, 1179, and 1172 ecm™" in SD, SSD, and SDA bio-
chars indicate the presence of oxygenated carbon chains
C—O-C. The bands at 1030, 1032, and 1029 cm~" in SD,
SSD, and SDA were related to the C—O-H FGs [58-60].
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Fig.5 XRD analysis of SD
biochar, SSD biochar, and SDA

——SD biochar
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Fig.6 a The pHp, of SD, SSD, and SDA biochars, and b impact of solutions pH on the Cu(II) ion removal using SD, SSD, and SDA biochars

3.1.2 The biochar surface analysis

The influence of sonications and ammonia solution
treatment on the surface properties of wood SD was
investigated by N, A—D. BET and BJH techniques were
employed in estimating the specific characteristic of
biochar surfaces. Figure 2 indicates that the BET spe-
cific surface area of biochars decreased as SSD (4.0098
m? g7 > SDA (3.1926 m? g=')> SD (2.9136 m? g7 1). It
is noted that modifications increase the specific surface
area, and the effect of physical modifications by soni-
cations was more effective than chemical modifications

@ Springer

using ammonia. The mean pore diameter decreased
with modifications in order SD (16.824 nm) > SSD
(14.728 nm) > SDA (8.3738 nm), and the effect of ammo-
nia modifications is more than sonications on pore diam-
eter decreasing due to -NH, and —OH groups. The pore
types are mesoporous (ranging between 20 and 50 nm).
The total pore volume of SD, SSD, and SDA biochars
were 12.24x 1073, 14.76 x 1072, and 6.68 x 1073 cm® g~!,
respectively. Figure 2c shows BJH data of SD, SSD, and
SDA biochars respectively, and Table 2 shows their sur-
face characteristics.
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Fig.7 Impact of interaction time on the confiscation of Cu(Il) ions employing a SD, b SSD, and ¢ SDA biochars

3.1.3 The morphological properties of the sawdust
biochars surfaces

The surface morphology of sawdust raw material (RSD)
and SD, SSD, and SDA biochars that was investigated
using a scanning electron microscope (SEM) is shown
in Fig. 3. As revealed in Fig. 3a and b, the SD and SSD
biochars appear spotless and free of any particulate
impurities. Besides, no impairment was noticed in the
pores of the SSD as a result of sonications. Also, a small
increase in the pore volume and the number of pores in
SSD biochar due to sonication treatment of SD biochar
were observed, which explains the small increase in the
surface area of SSD biochar. Figure 3¢ shows the SDA
biochar with a little pore occurring and reflects the min-
ute surface area for SDA biochar. This proves our previ-
ous finding that the treatment of biochar with ammonium

solutions led to a decrease in the surface area due to pore
blocking [58—60]. It is apparent that new-fangled pores
of various sizes were produced in the SSD biochar as
a result of sonication treatmen; thus, the surface areas
of the sonicated biochar increased while treatment with
ammonium solutions led to pore blocking and subsequent
decrease in the surface area of the produced SDA bio-
char. The SEM image of sawdust raw material repre-
sented in Fig. 3d showed no pores.

3.1.4 The elemental analysis of the sawdust biochars

The energy-dispersive X-ray spectrometer (EDX) was
employed in analysing the chemical compositions of the
sawdust biochar. The percentage (%) of elements in the
SD, SSD, and SDA biochars was studied, and the results
are described in Table 3, which illustrates the absence
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Fig. 8 Effect of biosorbent dose (1.0 g L") on confiscations of Cu(II) using a SD, b SSD, and ¢ SDA biochars

of an N, peak before the modifications with the NH,OH
reagent. The EDX analysis of SDA biochar verified
the existence of approximately 7.63% N, of the sample
weight.

3.1.5 Thermal characterizations of the biochars

In general, thermal gravimetric analysis (TGA) or ther-
mogravimetric analysis means the measurement (quan-
tifications) of the weight loss during a user-distinct tem-
perature or heating procedure. Figure 4a and b show the
decompositions of SD and SSD biochars, respectively,
which occur in 3 stages (phases), while the decomposi-
tions of the SDA biochar take place in 4 phases (Fig. 5c¢).
In SD biochar, the first step of decompositions ensues
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at a temperature range between 50 and 150 °C, which
encompasses the loss of surface-bound water and mois-
ture existing in the sample with a weight loss of around
6.76%; the second step, temperatures ranging from 150
to 700 °C and approximate weight loss 56.30%; and in
the third decomposition step, temperatures ranging from
700 to 1000 °C and approximate weight loss 22.55%. In
SSD biochar, the first step of decompositions occurs at
temperatures ranging from 50 to 180 °C, with an approxi-
mate weight loss of 12.21%; the second step, tempera-
tures ranging from 180 to 675 °C and approximate weight
loss of 32.31%; and in the third decomposition step, tem-
peratures ranging from 675 to 1000 °C and approximate
weight loss 4.28%, while in SDA biochar, the first step
of decompositions ensues at temperatures ranging from
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Fig.9 Effect of initial conc of Cu(Il) (3.0 g L") on its confiscations. a SD, b SSD, and ¢ SDA biochars

50 to 180 °C, which involves approximately weight loss
of 13.21%; the second step, temperatures ranging from
180 to 250 °C and approximate weight loss of 3.99%; in
the third decomposition step, temperatures ranging from
250 to 700 °C and approximate weight loss of 30.08%;
and in the fourth step, temperatures ranging from 700 to
1000 °C and approximate weight loss of 2.96%.

3.1.6 XRD analysis of SD, SSD, and SDA biochars

Figure 5 shows the XRD of the SD, SDA, and SSD bio-
chars. The broad peak in the region of 26 =10-30 is
indexed as C (002) diffraction peak indicating an amor-
phous carbon structure with randomly oriented aromatic
sheets. For SD, SSD, and SDA biochars, there are sharp

peaks around 20 =43.65, while, in the case of SDA, there
are more two sharp peaks around 26=25.8 and 63.9,
which correspond to the miscellaneous inorganic com-
ponents mainly constituted of quartz and albite, within
the structure of SD biochar [61, 62].

3.2 Effect of solutions pH on the removal of Cu(ll)
ions

A critical parameter that decides the sequestration level
in the biosorption process is the solution’s pH. This
impacts the biosorbent surface charge and the degree
of ionization. The biosorption dependence on the pH is
described based on the FGs’ participation in the uptake
of metal ions and their chemistry [22, 28]. The impact
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Table 4 C?lculat?d variables Biochar LNR model FRH model
from the biosorption of Cu(II)
ions onto SD, SSD, and SDA Type Dose On K R? n Kg R
biochars employing LNR and
SD 1.0 91.74 289.12 0.9562 1.627 45.175 0.7399
1.5 46.95 -317.91 0.9064 0.1205 34.61 0.4037
2.0 58.82 361.7 0.9922 0.2073 25.734 0.9125
2.5 57.8 301.39 0.9911 0.2982 19.543 0.7433
3.0 54.05 296 0.9955 0.3452 16.726 0.9655
SSD 1.0 112.36 447.24 0.991 0.203 49.147 0.8678
1.5 81.30 336.07 0.993 0.172 38.672 0.9250
2.0 70.92 279.76 0.992 0.241 26.712 0.9529
2.5 57.80 306.74 0.985 0.231 22.845 0.9538
3.0 52.08 33391 0.986 0.255 19.597 0.9470
SDA 1.0 133.33 524.48 0.997 0.144 66.176 0.5970
1.5 91.74 3516.13 0.998 0.179 53.395 0.5775
2.0 91.74 1184.78 0.998 0.242 46.666 0.6579
2.5 72.46 1232.14 0.998 0.237 37.325 0.6508
3.0 70.42 946.67 0.982 0.351 32.359 0.7202
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Table 5 Calculated parameters

: ” Isotherm Isotherm Dosage
from the biosorption of Cu(II)
onto SD, SSD, and SDA Model Parameters 1gL™! 1.5gL™! 20gL™! 25gL™! 30gL™!
biochars using Temkin model
Temkin (SD) Ap(Lg™) 44.61 14.61 19.48 5.10 4.03
B (J mol™) 11.13 9.96 8.22 10.39 10.44
R’ 0.609 0.937 0.930 0.966 0.981
Temkin (SSD) Ar(Lg™) 28.57 128.44 39.85 43.65 13.33
B (Jmol™) 18.44 11.69 13.69 10.68 13.63
R’ 0.833 0.676 0.529 0.350 0.319
Temkin (SDA) Ar(Lg™) 17.13 13.54 2.07 2.02 1.47
B (Jmol™) 16.03 13.20 19.13 17.80 20.27
R’ 0918 0.585 0.766 0.757 0.837
Table 6 Comparison of reported sorption capacities of different biosorbents for Cu(II) removal
Biosorbents 0., (mg g References
Dragon fruit peel (DFP), rambutan peel (RP), and passions fruit peel (PFP) 92.59, 192.31, and 121.95 [28]
Pre-boiled wood chips (BWC), formaldehyde-treated wood chips (FWC), and sulfuric 15.53, 15.53, and 16.86 [63]
acid—treated wood chips (SWC)
Alginate/montmorillonite and alginate/kaolin 0.44+0.03 and 0.27 +0.08 [72]
Mineral-rich biochar derived from a spent Agaricus bisporus substrate (SAS) 68.10, 55.20, and 64.80 [79]
Humulus scandens biochars 221.00 [80]
Muskmelon peel biochar 79.36 [81]
Chaenomeles sinensis seed biochar 105.12 [82]
SD, SSD, and SDA 91.74, 112.36, and 133.33 This study

of pH on Cu(Il) ion removal efficiency was considered
with changing pH values from pH 1 to 5. The point of
zero charge (pHp,) of the synthesized biochars (SD,
SSD, and SDA) was determined to be 4.4, 4.7, and 4.9
(Fig. 6a), which denotes that the biosorbent surface was
positively charged when pH < pHpzc and negatively
charged when pH > pHpzc. In a water-soluble solution,
Cu occurs as Cu**, Cu(OH),, and Cu(OH)" and, at low
solution pH (pH 2 and 5.5), the predominant species in
water-soluble solutions are Cu(OH)* and Cu? [63]. Fig-
ure 6b shows the removal % of Cu(II) ions onto the vari-
ous biosorbents, and it was noticed that the percentage
of Cu(Il) ions removed increased with rising pH val-
ues with optimum confiscations noticed at pH 5.8 (SD:
69%, SSD: 74%, and SDA: 77%). At lower pH values,
the biosorbent surface was protonated with surplus H*,
leading to the accessible actives sites on the biosorbent
surface being positively charged and hence sturdy elec-
trostatic repulsions for Cu(Il) ions. With an additional
rise in the solution’s pH, the accessible surface charge
on the biosorbent surface was deprotonated and hence
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negatively charged. This led to the electrostatic attraction
between Cu(Il) ions and the negatively charged active
sites on the biosorbent. At pH values of 6 and above, Cu
was reported to precipitate to Cu(OH), and hydrolysis
was also reported to occur, thereby creating a colloidal
compound [22, 64]. The modified SDA and SSD biochars
were noticed to have improved sorptions for Cu(Il) ions
in comparison to SD biochar owing to the increased sur-
face area and huge pore size leading to an increase in the
available sorption sites for Cu(II) ion removal. Further
biosorption investigations were undertaken at pH 5.5-6.0
[28, 65, 66].

3.3 Effect of contact time on Cu(ll) ion adsorption

Figure 7 shows the increase in the percentage of Cu(II)
ions confiscated to SD, SSD, and SDA biochars as the
contact time of the interactions between the sorbate and
biochars was increased from 0 to 180 min, with equi-
librium being attained at 60 and 120 min for SD and
SSD and SDA biochars. The rapid biosorption process
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Fig. 11 Non-linear plot of LNR, FRH, and Temkin models

followed by the subsequent equilibrium trend attained
was attributed to the available accessible vacant sites
at the initial stage of the biosorption process leading to
momentous biosorption rate and the saturations or occu-
pations of accessible vacant sites as the treatment time
was enhanced, thereby resulting in reduced biosorption
rate [22, 67].

3.4 Effect of biochar dosage on the adsorption
of Cu(ll) ions

Biosorbent dosage optimizations are one of the crucial
factors that limit the biosorbent sorptions capacity at vari-
ous working settings, and it is essential in determining the
least amount needed for optimum sorptions to be attained.
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The biosorption of Cu(Il) ions was evaluated by chang-
ing biosorbent dosage using SD, SSD, and SDA biochars
while keeping other parameters constants. As noticed in
Fig. 8, the percentage of Cu(Il) ions removed using the
various biochars increased with increasing biosorbent dos-
age employed, with an optimum removal % of 98.89%,
98.33% achieved using SDA, SSD, and SD biosorbent
dosage of 1 g L™!, respectively. This trend of increasing
biosorbent dosage leading to enhancing % of Cu(II) ions
confiscated was ascribed to increased active accessible
sites available coupled with elevated surface area as the
biosorbent dosage was improved, leading to enhanced
biosorption of Cu(Il) ions [22]. A similar inclination of
improved % of Cu(II) ions removed using different biosor-
bents was also reported in the study by [68-70].
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Table 7 Calculated variables from the biosorption of Cu(Il) ions onto SD, SSD, and SDA biochars employing non-linear LNR, FRD, and Temkin models

Temkin model

FRH model

LNR model

Biochar

Chi-sqr

Ay/standard error B/standard error R’

Chi-sqr

Ky/standard error

n/standard error

R? Chi-sqr

K;/standard error

Q./standard error

Dose

Type

169.53359
165.40974
155.57738

0.50433

12.59747/10.06482
6.86054/3.71808

20.59591/2.07227
26.91436/1.762

142.79203
136.95164
104.59577

47.38/10.05475 0.5825

6.65/2.61569

128.41274
102.93095
127.8205

0.6246

89.21/7.04515 0.4717/0.25178

SD

0.74199
0.8409

0.78638

53.37031/8.1483

5.59171/1.33877
5.13755/0.88767

0.83944
0.86929

0.43341/0.13705

0.92623/0.2824

112.04952/5.90389
124.58012/7.23322

SSD

5.07066/1.7902

35.57483/2.36176

0.89304

64.31707/6.30733

SDA

3.5 Effect of initial concentrations on Cu(ll) ion
confiscations

To determine the impact of varying initial conc
(50-200 mg L") on the sequestrations of Cu(II) ions,
experiments were operated at an ambient temperature,
contact time of 5-180 min, and pH 5. Results shown
in Fig. 9 show the extent of removal % as a function
of Cu(Il) ion initial conc. It was noticed that the extent
of Cu(Il) ion removal % reduced with increasing Cu(II)
ion conc (optimum removal: SD: 97.8-93.8%, SSD:
98.3-85.0%, and SDA: 98.9-96.7%). At low conc of
Cu(Il) ions, decreased removal with increasing initial
conc was ascribed to the elevated driving force in terms
of biosorbents binding sites accessible and available,
whereas the increased struggle for limited sorptions sites
at elevated conc led to reduced removal of Cu(Il) ions
and thus more Cu(II) ions are left unabsorbed in the solu-
tions due to the rapid saturations of sorptions sites. These
assertions reported in this study are also supported by
the study of Gupta et al. [22], Larous and Meniai [64],
Eldeeb et al. [67], Yu et al. [71], and Répa et al. [72].

3.6 Biosorption isotherms

The sorption isotherm is essential and of functional sig-
nificance, as it shows the systematic sorptions features
(monolayer against multi-layer), heterogeneity of a sur-
face, and the sorbate and sorbent interactions. It also
provides information on the loading sorbent capacity for
functional purposes [73]. The sorption capacities of the
studied biosorbents were evaluated by corresponding equi-
librium isotherm model constructions employing Lang-
muir (LNR), Freundlich (FRH), and Temkin models [74].

The sorption process that relates to a comprehensive
uniform surface with trivial interactions between sorbed
molecules defines the LNR models [71]. In the descrip-
tions of the sorptions of noxious metal ions, the LNR
model is generally employed as it explains the quantifi-
able monolayer sorbate structure on the biosorbent sur-
face and, after the formations of the monolayer sorbate
structure, no additional biosorption process takes place,
while the FRH defines the changeable heterogeneous
sorptions without limiting the sorption process to a par-
ticular monolayer. It forecasts that the conc of sorbate
on the sorbent will improve without permeations accord-
ing to the improved conc of the sorbate in the liquid
solutions [75]. The Temkin model assumes that the heat
of the adsorption reduces linearly with coverage (multi-
layer process), owing to the interaction between the
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Fig. 12 Linear plots of experimental data using a PFO model, b PSO model, ¢ FD model, and d IPD model using SD biochar

adsorbent and adsorbate and the adsorption is described
by the steady binding energy distribution [76-78].

The linear plots of the LNR, FRH, and Temkin models
and their fitting results are shown in Fig. 10 employing
SD, SSD, and SDA biochars. The R? values of the LNR
model (R? > 0.9) were noticed to have superior values to
those of the FRH and Temkin models, which was indic-
ative of the sorption process of Cu(II) ions to biochars
best defined using the linearized LNR model and with
the biosorption of Cu(Il) ions forming a monolayer onto
the active sites on the surface of the biochars (Tables 4
and 5). The determined optimum sorption capacities (Q,,)
employing the LNR model for Cu(Il) ion confiscations
to SD, SSD, and SDA biochars were 91.74, 112.36, and
133.33 mg g™, respectively. The Q. values of SDA were
to some extent greater than those of SSD and SD owing

to the possible higher main FGs in the structure of SDA
biochar. Hence, SDA biochar had extra binding active
spots and more negative surfaces, thus improving Cu(II)
ion retentions on the surface of SDA biochar. A compari-
son of the optimum monolayer sorption capacities of SD,
SSD, and SDA biochars with other reported biosorbents
shows that the biochars employed in this study for Cu(II)
ion removal were superior to other biosorbents (Table 6).
Table 6 contains the comparison of reported sorption
capacities of different biosorbents for Cu(Il) removal.
For linear regression, altering the unique equation
can contravene the theories currently behind the model,;
thereby, parameter estimation gives the ideal fitting
parameters for the linear form of the model and not for
the original non-linear model (Fig. 11). To approxi-
mate models’ parameters, the non-linear regression is

@ Springer



9300 Biomass Conversion and Biorefinery (2024) 14:9283-9320
2.0
a 40tb
3.5 F SDD Dosage - 1.0 g/L
15 ® 50 mg/L
30F @ 75mg/L
- a5k A 100 mg/L
= o0} E v 125mgL
‘o SDD Dosage - 1.0 g/L :” 20F @ 150 mg/L
g ® 50 mg/L g < 175 mg/L
o0 ® 75mg/L < I5SF p 200 mg/L
= 05 A 100 mg/L s,
v 125 mg/L =
¢ 150 mg/L 05k
00F <€ 175mg/L
» 200 mg/L u 00 -
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160 180 200
Time (min) Time (min)
4.5
C 21 bd
40 F ] ® 50 mg/L
SDD Dosage - 1.0 g/L 20F ® 75 mg/L
35F m 50 mg/L A 100 mg/L
5ol @ 75mg/L 19 F v 125 mg/L
’ A 100 mg/L € 150 mg/L
o 25F v 125mgL % 18F < 175 mg/L
- ¢ 150 mg/L 2 > 200 mg/L
Z 20F <4 175mgL S 17r
&
=) sk » 200 mg/L ok
1.0 15 F
05 14F m ™ SDD Dosage - 1.0 g/L
'} 1 1 1 1 1 '}
0.0 — l l . L L L 2 4 6 8 10 12 14
0 20 40 60 80 100 120
. . 05, . 0.5
Time (min) t7~ (min™~)

Fig. 13 Linear plots of experimental data using a PFO model, b PSO model, ¢ FD model, and d IPD model using SSD biochar

the conventional technique employed and it is utilized
when the isotherm model cannot be linearized. Compar-
ing these two techniques, the non-linear regression is a
more practical technique that can be utilized to assess
isotherm model parameters [83]. The precision of the
non-linear isotherm models fit to experimental data was
evaluated using error functions calculation such as coef-
ficient of determination (R?) and chi-square (), which
are statistical equations employed to measure the devia-
tion of the theoretically predicted data from the actual
values of the experimental data. The ideal model is one
with the lowest y> and R? value that is close to unity. R
signifies the percentage of flexibility in the dependent
variable and its values range between O and 1. When
the calculated value is comparable to the experimental
values, ;(2 is close to zero, while an elevated value of
x° shows a high bias between the calculated model and
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experimental values [84]. To describe the biosorption
of Cu(Il) onto SD, SSD, and SDA biochars, the non-
linear regression analysis of the three isotherm models
was explored (Table 7). The y* and R? were considered
for non-linear regression analysis, and from the results
presented in Table 7, y* values obtained for each model
using SD, SSD, and SDA show that the fitting degree was
in the following sequence: LNR (ideal fit) > FRH > Tem-
kin (SD and SSD) and FRH (ideal fit) > LNR > Temkin
(SDA). Comparing the R? values obtained in Table 7 for
the isotherm models considered, the degree of fitting was
in the order of LNR (ideal fit) > FRH > Temkin (SD and
SSD) and FRH (ideal fit) > LNR > Temkin (SDA). As
noticed from the values obtained, LNR and FRH ideally
described the biosorption of Cu(Il) ions to SD and SSD
and SDA owing to the low values of y* and R* obtained
when compared to other isotherm models.
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Fig. 14 Linear plots of experimental data using a PFO model, b PSO model, ¢ FD model, and d IPD model with SDA biochar

3.7 Biosorption kinetics

A key parameter that characterizes the sorption effec-
tiveness is the sorption kinetic model, and it is a criti-
cal feature in sorption system design to approximate the
sorption process rate for specific systems. To evaluate
the intricate mechanisms and the design of huge scale
sorption systems in the time to come, the sorption kinetic
models are employed. Sorption trends can be regulated
by various pollutants transfer mechanisms from the
solutions to the biosorbent. Hence, the resulting cir-
cumstances involved for metal retentions to occur like
the metal diffusions from the solutions to the biosorb-
ent surface contact area, surface diffusions to the pores
and metal complexations, physicochemical sorptions, or

chemisorptions are established by kinetic models [85].
To ascertain the optimum operation conditions, which is
critical for a full-scale batch procedure, the kinetics of
the biosorption of Cu(Il) ions onto SD, SSD, and SDA
were explored using the pseudo-first-order (PFO) model,
pseudo-second-order (PSO) model, film diffusion (FD),
and intraparticle diffusion (IPD). The linear plots of
these models and experimental data comparison using
the various biochars are shown in Figs. 12, 13 and 14
and Tables 8, 9, 10, 11, 12 and 13. From the calculated
parameters depicted in Tables 8, 9, 10, 11, 12 and 13, it
was noticed that the PSO model equations fitted better
than other models to the experimental data, with a coef-
ficient of regressions (R?>>0.92) using SD, SSD, and
SDA biochars, which was suggestive of the biosorption
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Table 8 Calculated parameters

‘ Parameter PFO model PSO model
of the confiscations of Cu(II) to
SD biochar employing the PFO SDconc Cu,mgL7! ¢, (exp.) ¢, (calc.) k;x10° R? g, (calc) K*x10° h R?
and PSO models
1.0gL™" 50 47.78  139.798 83.1383 0.840 49.50 21.80 53,435.29 0.999
75 65.28 311.602 55.5023 0.508 66.67 25.96 115,380.18 0.994
100 85.28 269.96 555023 0.496 86.21 68.75 510,907.58 0.995
125 74.72 16.508 18.6543 0919 76.34 86.33 503,049.87 1.000
150 80.83 46.057 26.7148 0.907 85.47 55.26 403,668.72 0.997
175 102.22 28907 13.818 0.849 105.26  134.63 1,491,783.31 0.998
1.5gL™" 50 32.04 4414 214179 0933 32.68 12.59 13,449.88 1.000
75 44.81 9.447 227997 0957 45.87 22.17 46,656.03 1.000
100 57.59 174.141 59.1871 0.609 58.48 25.85 88,400.70 0.996
125 59.26 61.277 50.666 0.552 59.88 55.16 197,797.48 1.000
150 41.23 46.548 57.3447 0.734 42.19 19.23 34,229.11 1.000
175 70.37  129.003 55.0417 0.570 71.94 63.04 326,285.40 0.999
20gL™" 50 24.31 14.0185 49.0539 0.677 24.63 5.73 3475.36 1.000
75 36.11 5.152  10.5938 0.641 36.36 11.17 14,767.86 0.999
100 43.75 5.394 12.8968 0.952 44.05 26.08 50,620.17 1.000
125 52.36 8.1077 22.1088 0.979 53.19 50.08 141,683.79 1.000
150 52.22 13.8388 28.5572 0.971 53.48 36.34 103,910.36 1.000
175 58.89 69.422 56.6538 0.577 59.52 64.30 227,830.19 1.000
25gL™" 50 19.44 1.549 18.8846 0.955 19.57 4.36 1668.51 1.000
75 28.67 15911 69.7809 0.848 28.99 16.31 13,706.18 1.000
100 37.56 17.486 48.1327 0.621 37.88 26.77 38,407.81 1.000
125 45.11 4.078 10.5938 0.713 45.25 36.76 75,261.99 1.000
150 48.33 7.223  24.8724 0974 49.02 43.77 105,173.66 1.000
175 55.56 36.091 52.5084 0.660 56.50 64.22 204,998.44 1.000
3.0gL™! 50 16.30 6.331 51.3569 0.562 16.37 3.28 879.32 1.000
75 23.98 10.228  68.6294 0.799 24.10 15.69 9111.84 1.000
100 31.67 8.978 47.9024 0.655 31.85 25.61 25,976.83 1.000
125 38.89 10.184 50.8963 0.611 39.06 62.79 95,815.08 1.000
150 43.80 54.815 614901 0.621 44.44 29.75 58,762.71 1.000
175 49.26 36.534 54.1205 0.703  50.00 44.40 111,012.43 1.000

of Cu(Il) ions to the various biochars that were measured
by chemical biosorption mechanism and the sorption rate
was linked to the biosorption active sites on the surface
of the biochar [82]. These results show that the biosorp-
tion of Cu(Il) to the biochars was a rate-limiting step
that has valence force between the biochars and the sorb-
ate, with electron exchange or sharing [28]. Rapd et al.
[72] equally found in their biosorption of Cu(II) ions to
alginate/clay hybrid composite beads study that the PSO
model best described the biosorption process [72]. While
in the studies of Bai et al. [80], Hu et al. [82], and Khan
et al. [81] where Humulus scandens—derived biochar,
biochar derived from Chaenomeles sinensis seed, and
muskmelon peel biochar were utilized for the biosorp-
tion of Cu(Il) ions, it was noticed that the biosorption
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processes were best close-fitting to the experimental data
using the PSO model [86-93]. While in the studies of
Sachan and Das [86] and Rahim et al. [87] where the
biosorption of Cu(Il) ions to biochar obtained from plant
biomass Saccarum ravvanne and decorated with manga-
nese dioxide and desiccated coconut waste (DCW) effec-
tiveness was assessed, it was noticed that the biosorption
process followed the PSO model.

3.8 Optimization study

The design matrix was employed for investigating the
interactions effects of three significant factors, including
the contact time, SD biochar dose, and initial Cu(II) ion
conc on the percentage of removal of Cu(Il) ions. The
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Table 9 Calculated parameters

‘ Parameter PFO model PSO model
of the confiscations of Cu(II)
ions to SSD biochar employing SSD conc  Cu, mg L! q. (exp.) ¢, (calc) kX 10° R? q. (calc.) Bx10° h R?
the PFO and PSO models
1.0gL™ 50 48.33 30.+E7 26.02 0932 50.76 11.95 30,781.16  0.997
75 3278 211.59 6195 0774 7634 2417 140,837.27 0.983
100 2444 53.10 17.27 0962 87.72 39.62  304,881.71 0.992
125 19.67 66.82 10.13 0930 103.09 4542  482,722.13 0.956
150 16.39 460.05 59.42  0.640 117.65 60.92  843,171.60 0.940
175 7139 65.96 898 0973 119.05 5573  789,835.22 0.925
200 48.89 69.53 944 0924 108.70  54.65  645,643.82 0.962
1.5gL™" 50 36.25 45.60 51.13  0.798 33.33 7.68 8537.81 0.999
75 28.22 61.67 56.88  0.788 50.00  21.11 52,787.16  1.000
100 2435 108.22 55.50 0.743  61.73 23.68 90,236.84 0.996
125 82.22 168.42 52.05 0.660 66.67 15.51 68,946.20 0.946
150 59.82  39.17 1405 0.821 7194 2528 130,864.83 0.972
175 45.97 58.25 1842  0.856  80.65 3340  217,243.76 0.973
200 37.11 60.90 1842  0.842 80.65 31.03  201,800.40 0.969
20gL™' 50 32.04 8.01 21.88  0.969 24.88 3.23 1998.48 0.999
75 99.72 13.04 2142 0963 36.90 9.17 12,485.23  0.999
100 66.67 21.95 20.27  0.939 47.39 12.33 27,705.13  0.997
125 55.56 93.41 50.67  0.727 56.82 16.57 53,500.81 0.990
150 45.00 106.02 53.43  0.755 59.88 18.55 66,512.35 0.994
175 38.06 160.33 56.88  0.683 67.57 23.61 107,769.70  0.990
200 116.39 36.79 10.82  0.845 69.44 2238 107,919.90 0.971
25gL7 50 70.37 6.76 4629 0.896 19.84 3.88 1528.41 1.000
75 57.92 8.68 2948 0975 29.76 7.57 6705.90 1.000
100 46.67 14.15 2326  0.890 37.88 9.60 13,779.51 0.998
125 4139 2342 25.10 0.841 46.30 11.86 25,423.00 0.995
150 11583 67.44 51.59  0.756 47.62 12.15 27,555.68 0.993
175 80.19 27.68 20.50 0.878 54.64 16.57 49,481.27 0.993
200 66.39 30.25 1244  0.826 58.82 15.17 52,490.26 0.976
30gL™t 50 53.00 3.97 47.67 0.860 16.47 3.52 955.41 1.000
75 46.76  10.17 50.21 0.856  24.57 7.09 4282.45 1.000
100 106.11 9.39 3224  0.871 3247 11.05 11,647.93 1.000
125 120.28 31.73 51.82  0.877 3891 12.15 18,397.10  0.999
150 1387.33 57.40 5527  0.749 42.19 10.93 19,457.43 0.998
175 145.83 19.32 19.11 0972 47.85 15.08 34,525.75 0.998
200 155.56 27.40 17.04 0946 5291 13.62 38,136.46 0.992

design of the experiment and the responses are reported Removal % for CF = 82.31 + 10.394 — 14.25B + 5.92C + 6.47AB — 2.76AC

in Table 14. As a result of the obtained results, the fol- + 1.06BC + 0.4388A% — 0.4799B — 4.11C? ®)
lowing polynomial equations for Cu(II) ion removal

using SD biochar were established for the removal % for =~ Removal % for AF = 93.65797 +0.2470324 — 0.427534B + 0.233538C

coded factors (CF) and actual factors (AF) from Egs. (5) 4 0.103599A8 — 0.0334824C

and (6), and using SSD biochar, Eqgs. (7) and (8) were , (6)
used to develop the removal % for CF and AF. The poly- +O000R0BC +0438T8IA

nomial equations for Cu(Il) ion removal using SDA bio-
char were developed for removal % for CF and AF using
Egs. (9) and (10).

—0.000123B — 0.000604C>
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Table 10 Calculated parameters of the confiscations of Cu(II) ions to SDA biochar employing the PFO and PSO models

Parameter PFO model PSO model
SDA conc Cu, (mg L1 q. (exp.) g, (calc.) k;x 10° R? g, (calc.) kyx 10° h R?
10g L! 50 49.44 4.569 68.1688 0.824 49.26 327.93 795,763.71 1.000
75 69.72 26.853 63.3325 0.787 74.07 381.04 2,090,751.58 1.000
100 73.33 15.733 28.0966 0.979 92.59 439.66 3,769,383.86 1.000
125 90.83 74.046 61.7204 0.760 114.94 738.09 9,751,467.07 1.000
150 96.67 256.33 58.9568 0.593 116.28 178.61 2,414,962.08 0.968
175 101.39 49.705 4.606 0.694 123.46 173.40 2,642,841.08 0.962
200 92.22 26.984 5.7575 0.435 89.29 95.70 762,926.86 0.977
15¢g L! 50 32.96 1.183 32.242 0.800 32.79 129.52 139,226.71 1.000
75 49.63 5.043 18.424 0.886 49.50 269.31 660,013.97 1.000
100 61.48 10.491 28.0966 0912 66.23 302.47 1,326,551.79 1.000
125 79.44 8.995 27.636 0.963 82.64 452.33 3,089,452.85 1.000
150 82.04 23.394 6.909 0.788 93.46 172.96 1,510,683.59 0.994
175 86.48 31.813 7.1393 0.867 98.04 131.49 1,263,810.43 0.988
200 135.28 254.273 63.1022 0.596 84.75 58.63 421,052.14 0.956
20¢g L! 50 24.72 1.633 15.4301 0.957 24.75 40.04 24,534.83 1.000
75 37.22 1.366 6.6787 0.137 37.31 160.03 222,813.54 1.000
100 49.58 1.663 24.8724 0.812 49.75 353.60 875,221.00 1.000
125 61.94 3.482 18.424 0.706 62.11 341.40 1,317,097.89 1.000
150 71.25 9.436 9.4423 0.534 72.99 175.84 936,860.88 0.999
175 74.72 16.908 6.909 0.612 80.65 119.33 776,098.34 0.995
200 177.50 21.086 5.067 0.610 86.21 114.33 849,678.61 0.988
25gL7! 50 19.63 1.364 62.181 0.812 19.80 23.34 9152.19 1.000
75 29.78 2.213 66.3264 0.825 29.85 84.86 75,619.09 1.000
100 39.78 3.739 70.4718 0.850 39.84 176.36 279,938.48 1.000
125 49.67 7.779 51.5872 0.729 49.75 201.23 498,093.25 1.000
150 58.67 35.686 55.7326 0.678 58.48 91.20 311,877.68 0.999
175 65.78 76.12 57.8053 0.617 64.52 64.23 267,361.09 0.994
200 175.83 14.0764 5.988 0.719 68.97 69.54 330,728.70 0.993
3.0gL™! 50 16.36 3.919 62.181 0.812 16.50 13.55 3689.04 1.000
75 24.82 1.199 239512 0.913 24.88 44.84 27,747.04 1.000
100 33.241 1.521 21.4179 0.960 33.22 77.73 85,791.78 1.000
125 41.481 1.483 57.8053 0.796 41.49 116.33 200,295.00 1.000
150 49.167 3.816 55.7326 0.804 49.26 132.60 321,784.23 1.000
175 56.574 8.849 58.7265 0.735 56.82 84.73 273,542.21 1.000
200 191.389 80.984 70.0112 0.728 64.10 75.54 310,386.42 1.000
Removal % for CF = 73.76 + 10.884 — 19.37B + 18.29C — 0.7390AB Removal % for AF = 103.08349 + 3.71886AD — 0.0199818
— 142AC + 1.98BC — 2.124% — 0.0414B% — 10.74C> @) +0.186031C + 0.180779AB
— 0.005378AC + 0.000893BC — 42645342 (10)
Removal % for AF = 42.40538 + 22.07450A — 0.264723B + 0.463204C
- 0.002585B% + 0.000698C>
— 0.00985448 — 0.016197AC + 0.000302BC — 2.116014> 8)
35763 x 10 B — 0.001403¢2 The expressions in terms of AF could be utilized to
make estimations about the response for specified levels
Removal % for CF = 93.87 + 8.76A 16,665 + 3.85C of each factor. At this point, the levels should be quanti-
fied in the original units for each factor. This expression
+ 13.56AB — 0.4706AC + 5.86BC )
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— 4.26A — 14.544B° + 5.35C7

should not be employed to estimate the relative effect of
each factor since the coefficients are scaled to manage
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Table 11 Calcu}ated parameters SD dose Cu(II) conc Interaparticle diffusions Film diffusions
of the confiscations of Cu(Il)
ions to SD biochar employing Kgip C R? Kep C R?
the FD and IPD
1.0gL™! 50 1.3323 32.8370 0.522 0.0345 1.1927 0.889
75 2.0167 38.0020 0.813 0.0128 1.0634 0.781
100 2.0592 56.1030 0.939 0.0099 1.2914 0.913
125 1.4593 56.6920 0.818 0.0166 1.6063 0.848
150 2.4495 49.8100 0.963 0.0218 0.7868 0.842
175 2.9443 64.6870 0.797 0.0135 1.2733 0.740
1.5gL™! 50 0.3445 27.9850 0.906 0.0220 1.9622 0.963
75 0.8649 34.5720 0.711 0.0249 1.4597 0.939
100 1.1289 41.8020 0.939 0.0077 1.5979 0.889
125 0.9974 46.8400 0.699 0.0162 1.8313 0.717
150 0.7114 32.8570 0.777 0.0276 1.4548 0.980
175 1.4350 52.1130 0.845 0.0151 1.5229 0.864
20gL™! 50 0.2490 21.2440 0.902 0.0215 2.0273 0.970
75 0.6503 27.8070 0.636 0.0139 1.7976 0.663
100 0.5039 37.1410 0.916 0.0138 2.0549 0.929
125 0.6589 443810 0.834 0.0214 1.8985 0.960
150 0.7639 42.8380 0.947 0.0249 1.4974 0.972
175 0.7702 49.2760 0.818 0.0166 1.9726 0.894
25gL7! 50 0.1194 17.9290 0.956 0.0212 2.4235 0.956
75 0.2706 25.6220 0.540 0.0314 2.3809 0.828
100 0.3520 33.2710 0.753 0.0204 2.2723 0.886
125 0.4720 38.9860 0.709 0.0129 2.3001 0.685
150 0.6053 41.1830 0.771 0.0276 1.7713 0.982
175 0.7856 46.3570 0.699 0.0249 1.9265 0.755
30gL™! 50 0.0574 15.3830 0.998 0.0119 3.0366 0.997
75 0.0961 22.8290 0.790 0.0209 3.0891 0.941
100 0.1895 29.3740 0.692 0.0175 2.8662 2.866
125 0.1277 37.2290 0.971 0.0137 3.2979 3.298
150 0.5329 37.3230 0.837 0.0227 1.5557 1.856
175 0.6649 41.4470 0.718 0.0255 1.8331 1.833

the units of each factor and the intercept is not at the
midpoint of the design space.

A correlation between projected and actual adsorption
(%) of Cu(II) ions on SD, SSD, and SDA biochars is illus-
trated in Fig. 15. It is obvious from the figure (Fig. 15)
that there are good correlations between the experimen-
tal values and the projected model, and this is authen-
ticated by the high value of the correlation coefficient
(R2= 0.9931 for SD biochar; 0.9915 for SSD biochar, and
0.9545 for SDA biochar). The ANOVA for SD, SSD, and
SDA biochars are given in Tables 15, 16 and 17, respec-
tively, and is employed in predicting the cubic, individual,
and interaction impact of the independent variables on the
adsorption of Cu(II) ions on SD biochar. The results pro-
pose that the quadratic model (P-value < 0.05) has signifi-
cant contributions. The determination coefficient defined
the standard of the polynomial model as a basis of the
degree of deviations using the average (mean) explicated

by the model, and the values of adj-R? and R? show a
good correlation between the projected and exponential
data [88-91]. The projected R? of 0.9768 (SD), 0.9388
(SSD), and 0.7086 (SDA) is in realistic agreement with
the adjusted R* of 0.9870 (SD), 0.9839 (SSD), and 0.9136
(SDA). Adeq precisions measure the signal to noise (S/N)
ratio. A ratio greater than 4 is desirable. The S/N value
44.7319 (SD), 39.2612 (SSD), and 17.5015 (SDA) indi-
cate an adequate signal, which shows significant RSM
model indications that can be employed for the naviga-
tions of the design [90, 92].

3.9 The simultaneous impacts of the interactive
adsorption variables

The 3-D surface plots present the impacts and interac-

tions of independent variables, viz., adsorbent dose (A:
g L7, initial Cu(II) ion conc (B: mg L™!), and contact
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Table 12 Calculated parameters

of the confiscations of Cu(Il) SSD dose Cu(II) conc IPD model FD model
ions to SSD biochar employing Kgir C R? Kep C R?
the FD and IPD
1.0gL™! 50 0.0279 1.3557 0.937 0.0260 0.4637 0.932
75 0.0383 1.3919 0.947 0.0619 —1.0864 0.774
100 0.0392 1.4493 0.896 0.0172 0.4373 0.962
125 0.0419 1.4562 0.938 0.0102 0.4004 0.930
150 0.0446 1.4775 0.935 0.0595 —1.3744 0.640
175 0.0449 1.4629 0.976 0.0089 0.3329 0.973
200 0.0445 1.4583 0.883 0.0094 0.4226 0.924
1.5gL7! 50 0.0169 1.3216 0.819 0.0511 0.1143 0.798
75 0.0183 1.4758 0.886 0.0569 —-0.2322 0.788
100 0.0266 1.4602 0.880 0.0554 —0.5928 0.743
125 0.0303 1.4062 0.950 0.0520 —0.9268 0.660
150 0258 1.5056 0.964 0.0141 0.5858 0.821
175 0.0312 1.4980 0.893 0.0102 0.6063 0.904
200 0.0342 1.4626 0.843 0.0098 0.5760 0.866
2.0gL"! 50 0.0158 1.2047 0.848 0.0220 1.1162 0.969
75 0.0181 1.3503 0.828 0.0214 1.0226 0.963
100 0.0240 1.3786 0.884 0.0203 0.7392 0.939
125 0.0252 1.4302 0.922 0.0507 —-0.5196 0.727
150 0.0300 1.4056 0.872 0.0534 —0.6046 0.755
175 0.0303 1.4454 0.908 0.0569 —-0.8816 0.683
200 0.0298 1.4522 0.837 0.0521 —-0.7920 0.674
25gL"! 50 0.0075 1.2087 0.869 0.0463 1.0676 0.896
75 0.0124 1.3251 0.873 0.0294 1.2135 0.975
100 0.0172 1.3672 0.857 0.0233 0.9646 0.890
125 0.0211 1.3987 0.922 0.0250 0.6530 0.841
150 0.0209 1.4100 0.940 0.0515 0.3681 0.756
175 0.0242 1.4304 0.905 0.0205 0.6498 0.878
200 0.0283 1.4040 0.836 0.0124 0.6568 0.826
3.0gL™! 50 0.0051 1.1567 0.791 0.0476 1.4182 0.860
75 0.0081 1.2948 0.823 0.0503 0.8735 0.856
100 0.0110 1.3798 0.838 0.0322 1.2271 0.871
125 0.0163 1.3940 0.852 0.0519 0.1819 0.877
150 0.0196 1.3834 0.858 0.0552 —-0.3270 0.749
175 0.0198 1.4322 0.887 0.0191 0.8836 0.972
200 0.0278 1.3765 0.801 0.0145 0.7270 0.886

time (C: min), on the percentage of removal of Cu(II) ions
using SD, SSD, and SDA biochars (Fig. 16, 17 and 18)
as the responses. The interactions of initial ion conc and
adsorbent dosage as illustrated in Fig. 16a—c specify the
significant impact of both factors for Cu(Il) ion removal
utilizing the SD, SSD, and SDA biochars. The percent-
age of removal rise with corresponding rising adsorbent
biochar dosage. This was a result of the existence of
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additional active sites and a large adsorbent surface area
that is eagerly accessible for the adsorption [89, 93]. The
percentage of removal was reduced by the rising of the ini-
tial Cu(II) ion conc (Fig. 17a—c). This finding is possibly
due to the inadequate active spots on the adsorbent surface
at high biochar conc [94]. The percentage of removal was
increased by rising the contact time (Fig. 18a—c). These
results certified that the initial adsorption rate was very
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Table 13 Calcu}ated parameters SDA dose Cu(II) conc IPD model FD model
of the confiscations of Cu(Il)
ions to SDA biochar employing K¢ C R? Kep C R?
the FD and IPD
1.0gL™! 50 0.0017 1.6728 0.652 0.0241 3.3833 0.780
75 0.0046 1.8164 0.708 0.0236 2.3539 0.832
100 0.0075 1.8803 0.792 0.0284 1.7595 0.958
125 0.0082 1.9639 0.797 0.0260 1.7031 0.929
150 0.0119 1.8881 0.754 0.0033 1.1867 0.513
175 0.0181 1.8385 0.825 0.0060 0.9264 0.686
200 0.0143 1.7575 0.645 0.0048 1.2540 0.202
1.5gL7! 50 0.0009 1.5047 0.7975 0.0166 3912 0.788
75 0.0016 1.6758 0.841 0.0185 3.350 0.886
100 0.0045 1.7682 0.673 0.0259 24116 0.817
125 0.0055 1.8530 0.739 0.0283 2.1026 0.928
150 0.0094 1.8422 0.878 0.0085 1.4958 0.768
175 0.0124 1.8172 0.898 0.0058 1.2719 0.719
200 0.0158 1.7007 0.800 0.0055 0.9713 0.746
20gL™! 50 0.0010 1.3809 0.954 0.0154 3.6981 0.957
75 0.0013 1.5562 0.790 0.0239 3.5181 0.910
100 0.0020 1.675 0.562 0.0322 3.2189 0.843
125 0.0032 1.7563 0.675 0.0242 2.7421 0.713
150 0.0070 1.7762 0.632 0.0149 1.9203 0.669
175 0.0099 1.7773 0.670 0.0087 1.5375 0.571
200 0.0104 1.7920 0.804 0.0071 1.3906 0.638
25gL7! 50 0.0010 1.2842 0.928 0.0185 3.7053 0.897
75 0.0012 1.4607 0.852 0.0227 3.5972 0.937
100 0.0019 1.5788 0.655 0.0324 3.2028 0.861
125 0.0028 1.6636 0.580 0.0218 2.9309 0.664
150 0.0068 1.6833 0.778 0.0155 1.9167 0.758
175 0.0085 1.6936 0.767 0.0088 1.5770 0.710
200 0.0090 1.7142 0.857 0.0080 1.5115 0.755
30gL™! 50 0.0010 1.2050 0.928 0.0185 3.7053 0.897
75 0.0013 1.3796 0.763 0.0239 3.4772 0913
100 0.0016 1.5020 0.859 0.0206 3.2691 0.916
125 0.0021 1.5921 0.894 0.0205 2.9930 0.954
150 0.0044 1.6435 0.653 0.0294 2.3743 0.882
175 0.0073 1.6666 0.825 0.0194 1.8333 0.916
200 0.0091 1.6918 0.867 0.0110 1.6837 0.766

fast owing to the accessibility of the huge surface area and
the existence of unexploited spots on the biochar surface
[95, 96]. The retardations of Cu(Il) ion removal were a
result of the difficulty of attaining the residual vacant sites.

To optimize and validate the predicted mathematical
model, complementary statistical design calculations
were performed under the same experimental condi-
tions; Fig. 19 shows that the higher desirability value is
equal to 1 obtained from the results of the mathematical
model. Using these conditions, the maximum removal

(%) (99.343%) for the SD biochar as adsorbent was
obtained corresponding to the contact time 139.8 min,
SD biochar dose 2.853 g L™!, and Cu(II) ion conc of
55.11 mg L~! (Fig. 19a). Figure 19b shows that the maxi-
mum removal (%) (100%) obtained corresponds to the
contact time 180 min, SSD biochar dose 3.0 g L=, and
Cu(II) ion conc of 75 mg L™!. Figure 19¢ shows that the
maximum removal (%) (100%) obtained corresponds to
the contact time 30 min, SDA biochar dose 2 g L', and
Cu(II) ion conc of 50 mg L~".
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Table 14 Experimental design for adsorption of Cu(Il) ions on SD
biochar, SSD biochar and SDA biochar

Run Independent factors Response %
A B C Exp Predicted
SD biochar
1 1 100 15 63.06 63.89
2 3 175 180 84.44 84.99
3 3 50 180 97.78 98.42
4 3 50 15 93.89 94.22
5 1 175 120 54.13 53.5
6 3 50 15 93.89 94.22
7 3 125 90 92.22 91.23
8 2.5 175 15 66.19 66.41
9 2 50 90 95.56 95.6
10 1 50 180 95.56 96.11
11 2 125 180 83.78 81.46
12 1.5 125 90 68.44 72.99
13 1 175 15 38.25 37.3
14 3 125 90 92.22 91.23
15 2.5 175 15 66.19 66.41
16 1 50 180 95.56 96.11
17 3 175 180 84.44 84.99
18 2 50 180 97.22 96.83
19 2 100 15 76.39 75.32
20 1 50 90 93.89 91.87
SSD biochar
1 3 175 180 80.16 76.56
2 1 200 180 53.06 53.05
3 1 175 90 44.29 47.72
4 3 50 60 96.11 95.59
5 3 150 90 74.26 75.31
6 3 50 60 96.11 95.59
7 3 200 5 32.64 32.77
8 2 200 90 50.28 53.76
9 1 200 180 53.06 53.05
10 1 100 120 74.72 71.9
11 3 200 5 32.64 32.77
12 1 125 15 32.89 34.88
13 1 50 5 50.00 50.89
14 1 50 5 50.00 50.89
15 2 75 90 91.11 86.17
16 2 50 180 97.78 98.67
17 2 125 5 44.44 44.73
18 1 200 5 14.03 9.66
19 3 75 180 97.41 100.73
20 2 125 5 44 .44 44.73
SDA biochar
1 1 50 60 97.78 97.82
2 2 50 30 97.22 100.14
3 1 50 60 97.78 97.82
4 3 50 5 96.67 94.74
5 3 100 120 99.17 98.76

@ Springer

Table 14 (continued)

Run Independent factors Response %
A B C Exp Predicted

6 1.5 200 120 49.72 54.1

7 3 125 30 97.11 98.68
8 3 50 5 96.67 94.74
9 1 125 180 91.33 90.51
10 1 200 5 26.11 31.25
11 2.5 175 90 84.44 83.92
12 1 125 180 91.33 90.51
13 2 125 5 89.33 95.36
14 1 125 30 85.78 80.48
15 2 50 180 98.89 99.32
16 2 200 15 70.97 58.26
17 3 200 180 95.69 95.31
18 3 200 180 95.69 95.31
19 2 50 180 98.89 99.32
20 3 200 5 72.64 76.83

4 Conclusions

Low-cost biochar derived from sawdust biomass is
burned with sulfuric acid to give SD biochar, then acti-
vated with sonications to give SSD biochar, and chemi-
cally modified by NH,OH to give SDA biochar. The
characterizations of SD, SSD, and SDA biochars using
FTIR spectroscopy showed obvious differences between
them in the disappearance of carboxylic FGs and the
presence of amino groups in chemically modified bio-
char. Also, EDX analysis showed the absence of nitrogen
in SD and SSD biochars and the presence of a new peak
for nitrogen in SDA biochar after modifications. Cu(Il)
ions are removed by these biochars from their water solu-
tions. The LNR isotherm model was best fitted to the
experimental data of SD, SSD, and SDA. The maximum
adsorption capacities (Q,,) of SD, SSD, and SDA were
91.74, 112.36, and 133.33 mg g~ ', respectively. The
degree of fitting using the non-linear isotherm models
was in the sequence of LNR (ideal fit) > FRH > Tem-
kin (SD and SSD) and FRH (ideal fit) > LNR > Temkin
(SDA). LNR and FRH ideally described the biosorption
of Cu(Il) ions to SD and SSD and SDA owing to the low
values of y* and R? obtained using the non-linear iso-
therm models. The adsorption rate was well-ordered by
the PSO rate model. Finally, the chemical modifications
of sawdust biochar by ammonia enhance the adsorption
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Fig. 15 Plots (graphs) between the projected and experimental data for Cu(II) ion adsorption

efficiency more than physical activations by sonications.
The findings of this study have further suggested that
biosorbents made from waste agro-based by-products,
which are low-cost agricultural waste materials, can
be effective in removing other HMs from wastewater.

Hence, it is suggested that more investigations into the
use of more readily available agro-based by-products as
low-cost (cheap) adsorbents for environmental and agri-
cultural sustainability should be reinvigorated.
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Fig. 17 Combined effect of
process variables of Cu(II) ion
initial conc (mg L™') and con-
tact time (min) a SD biochar,
b SSD biochar, and ¢ SDA
biochar with the interactions
effect of dual factors
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Fig. 19 Optimum conditions are
predicted by the RSM method
for a SD biochar, b SSD bio-
char, and ¢ SDA biochar
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