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Abstract

Efficient adsorbents were fabricated by modifying the orchard waste biochar (BC) to produce zero-valent iron composited BC
(BC/Fe®) and phosphorus embedded BC (BC/P). The efficacy of these adsorbents for copper [Cu(II)] removal from aqueous
media was investigated via pH, kinetics, and adsorption batch trials. The solution pH 7 was found optimum for the highest
Cu(II) removal. Elovich model was fitted well to the Cu(II) kinetics adsorption and higher initial sorption rate 79.44, 75.71,
72.28,61.60 mg g_1 min~! for BC/Fe’, BC, AC, and BC/P, respectively, was observed than other kinetic models. Langmuir,
Freundlich, and Redlich—Peterson isotherm models were applied to the experimental data and Langmuir model fitted well
predicting the adsorption capacity of 427.11 mg g~'. The BC became more selective in copper removal after the introduction
of Fe, and a higher removal rate of Cu(II) was observed in a short time compared to the other tested adsorbents. Therefore,
zero-valent iron composited orchard waste-derived biochar as a green and cost-effective adsorbent can open new ways for

the efficient removal of Cu(II) from aqueous solutions.
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1 Introduction

The metals/metalloids are the primary class of inorganic
pollutants worldwide. The release of these metals/metal-
loids from industries due to the ever-increasing population
causes devastating environmental damages resulting in
severe health concerns. Around two hundred million people
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die each year worldwide due to water-borne diseases and
non-fatal disorder [1, 2]. Due to the increased population,
pressure on industries is increasing and these industries are
draining a lot of waste containing heavy metals. Waste from
agriculture, industries, domestic, and municipality is pol-
luting the world’s water as well as decreasing its quality
drastically. The industrial and domestic wastewater is the
main contributor to the increased concentration of metals/
metalloids in sewage sludge. The metals/metalloids in water
like copper (Cu), cadmium (Cd), zinc (Zn), and lead (Pb) are
ubiquitous and detrimental to flora, fauna, and human when
exceeding permissible limits [3, 4]. Heavy metals are toxic
even in minute concentrations [5, 6]. These metals/metal-
loid ions cause serious health problems for human beings,
plants, and animals when entering into their food chain
[7]. In peri-urban areas, metals/metalloids such as copper
[Cu(Il)] may enter the food chain through irrigation water
as a contaminant.

Copper is a standard metal found innately in the envi-
ronment and disseminates through industrial and anthro-
pogenic activities such as smelting, mining, electroplating,
brass manufacturing, petroleum refining, and agrochemi-
cals [2, 8]. The wastewater produced from these industries
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contains a high concentration of Cu(Il) and triggers water
quality issues [9]. When a considerable amount of Cu(II)
is inhaled or consumed, it can accumulate in the liver and
causes gastrointestinal and respiratory disorders [10].
Cu(II) ingestion can also cause kidney damage, stomach
disorder, anaemia, and sometimes coma leading to death
[11]. In microorganisms, Cu(II) causes plasma membrane
disruption. The consumption of polluted water for a more
extended period causes cancer and results in kidney and
reproductive system disorders [12, 13]. The effects of
chemicals contamination on human health are chronic
[14]. Therefore, there is a dire need to assess the impact
of polluted water on human health to avoid severe health
problems, which is still a significant cause of the increased
mortality rate in many developing countries. To avoid seri-
ous consequences, it is needed to treat water before being
consumed [15, 16].

The removal of metals/metalloids from potable water is
a real challenge because of their complex formation with
naturally occurring organic matter [17, 18]. Many tech-
niques, including reverse osmosis, chemical precipitation,
ion exchange, filtration, electrodeposition, ultra-filtration,
solvent extraction, and adsorption, have been used to remove
metals/metalloids from wastewater [15]. Every technique
has its pros and cons; however, adsorption is found as an
efficient technique to remove Cu(II) from the polluted water
[8]. Many adsorbents have been reviewed for the removal
of Cu(Il), such as granular and powder activated carbon,
manganese oxide-coated sand, grafted silica, electric furnace
slag, water treatment sludge, aluminium oxides, zeolite, car-
bon nanotubes, vanillin chitosan membrane, kaolinite, and
montmorillonite [19, 20]. However, less attention has been
given to convert the orchard waste into valuable adsorbent
material to treat the contaminated water metals/metalloids.
Thus, we proposed converting orchard waste into biochar
to produce an efficient adsorbent for Cu(II) removal from
water.

Biochar is a black coloured carbonaceous solid, which has
gained popularity as an efficient adsorbent to remove envi-
ronmental pollutants. [6, 21]. It contains useful functional
groups, a large surface area, and high porosity. [22-24].
However, heterogeneity in the biochar structure affects the
performance of biochar. In this study, biochar modification
was carried out with foreign material, such as zero-valent
iron (Fe”) and phosphorous, to enhance biochar’s stability
in an aqueous solution [25, 26]. When Fe' is attached to the
biochar, the material becomes more efficient in removing
different organic and inorganic pollutants [26]. Likewise,
enriching biochar with other mineral elements can result
in improved characteristics. Adding phosphorus into bio-
char can also enhance the efficiency and effectiveness of
biochar due to the addition of a negative charge from the
phosphate group [6]. Furthermore, phosphate as an anion
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helps to immobilize the heavy metals in an aqueous solution,
including Cu™? [27].

This study proposes using orchard waste to synthesize
biochar and then modify the synthesized biochar to produce
zero-valent iron composited and phosphorus embedded bio-
char. The adsorption behaviour of the produced adsorbent to
scavenge Cu(Il) from aqueous media was analysed through
pH, kinetics, and equilibrium sorption batch trials. Further-
more, various isotherm and kinetics models were utilized to
predict the operating sorption mechanism responsible for
removing Cu(Il) from aqueous solutions.

2 Materials and Methods
2.1 Adsorbents
2.1.1 Biochar Production

Orchard waste comprising leaves and stems of trees was col-
lected, washed, dried in the air, and cut into pieces. A known
amount of prepared feedstock (FS) was placed in a stainless-
steel container (7 cm diameter and 22 cm in height), and
pyrolysis was completed in an electric muffle furnace. The
pyrolysis temperature was maintained at 600 °C for 3 h by
keeping the air supply controlled to synthesize biochar. After
the accomplishment of the pyrolysis, the biochar sample was
allowed to cool in the furnace overnight. The yield of the
biochar (BC) after pyrolysis is calculated by using Eq. 1.

Weight of biomass — Weight of biochar
*

Yield(%) = 100

ey

Weight of biomass

2.1.2 Biochar-Zero-valent Iron Composite Synthesis

The biochar was modified by synthesizing its composites
with zero-valent iron by following the procedure reported by
Ahmad et al. [6]. The produced BC was washed with deion-
ized (DI) water thrice, ground, and dried at 80 °C in an oven
for 24 h. The washed BC was modified with zero-valent iron
(Fe®) particles. Specifically, 50 mL of 1 M FeSO,-7H,0 was
mixed in 2.8 g of BC in ethanol/deionized water solution
(4:1 v/v ratio). The pH of the suspension was adjusted to 5,
stirred for 2 h, and purged under N, supply. A 50 mL solu-
tion of 2 M NaBH, was added drop-wise into the suspension
under vigorous stirring and N, purging. Chitosan was added
into the suspension as a binding agent and activated with a
1.2% NaOH solution under stirring. The suspension was left
for 12 h, the produced precipitated material (BC/Fe®) was
collected, washed with ethanol, and vacuum dried.
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2.1.3 Biochar-Phosphorus Composite Synthesis

Phosphorus (P) composited biochar was fabricated by load-
ing P onto biochar [6]. A solution of 0.001 N phosphorus
was mixed with 10 g of BC to acquire P embedded BC.
The suspension was stirred until equilibrium at 180 rpm and
room temperature (23 +2). Subsequently, filtration of the
suspension was performed by using Whatman 42 filter paper
to separate the BC. The P embedded BC (BC/P) was washed
with deionized water to remove surplus P and dried at 65 °C
in an oven. The amount of P in the filtrate was analysed
through the molybdate-ascorbic acid method using UV/Vis
spectrophotometer [CE7400, ©Cecil Instrumentation Ser-
vices Ltd., Cambridge, UK] [28]. The amount of P adsorbed
on the BC is estimated by using Eq. (2).

Q, = %(Co -C) ®)
where Q, is the amount of adsorbate, adsorbed (mg g‘l), C,
and C, are the initial and equilibrium adsorbate concentra-
tions (mg L), respectively, m is the mass of adsorbent (g),
and V is the volume of solution (L).

2.1.4 Commercial Activated Carbon

Peat derived commercially available activated carbon was
purchased from Sigma-Aldrich.

2.2 Characterization

The electrical conductivity (EC) and pH of produced adsor-
bents were analysed in 1:10 (w/v) suspension in deion-
ized water, while the cation exchange capacity (CEC) was
determined by NH**~Na* method. The total and available
contents of P in BC and BC/P were extracted through the
digestion, and AB-DTPA method and analysed on UV/
Vis spectrophotometer [29, 30]. The different features of
the adsorbents, including moisture, ash contents, and vola-
tiles, were determined via ASTM D1762-84 ASTM, 1989),
whereas the fixed carbon was estimated through different
method. The Fourier transforms infrared spectroscopy
(FTIR: Bruker Alpha-Eco ATR-FTIR, Bruker Optics Inc.)
was used to analyse the functional groups on the surface,
while X-ray diffractometer (XRD: JEOL, JDX 3500) was
used to analyse the mineral composition of the adsorbents.

2.3 Cu(ll) Adsorption Batch Experiments
2.3.1 Effect of pH and Adsorbent Dose
The pH of the aqueous solution is one of the critical fac-

tors affecting removing metals from wastewater. The stock
solution of Cu(II) was prepared in DI water, and different

concentrations ranging from 50 to 400 mg L=! (50, 100, 200,
and 400 mg L") of Cu(II) were prepared with initial pH of
4,7, and 10. About 40 mL of the Cu(Il) solution after pH
adjustment was taken into polypropylene tubes, and 0.04 g
of the adsorbents was suspended into it. Each adsorbent,
including blank, was tested in triplicates. The suspension
was stirred on a mechanical shaker at 180 rpm under room
temperature (23 +2 °C) until equilibrium. The solution was
separated from the adsorbents by filtering through What-
man 42 filter paper. The amount of Cu(II) remaining in the
filtrate was analysed through the atomic absorption spectro-
photometer (novAA® 400 P, Analytik Jena, Germany). The
amount of Cu(II) adsorbed onto the adsorbent under each pH
condition is estimated by using Eq. (2). The initial pH 4 was
observed as optimum for Cu(II) onto the tested adsorbents.

For the dose optimization, a solution having 400 mg L~!
of Cu(Il) with an initial pH of 4 was selected. 40 mL from
this solution was taken into a polypropylene tube, and an
adsorbent dose of 0.1-1 g L™! was suspended. Each adsor-
bent, including blank, was tested in triplicates. The sus-
pension was shaken at 180 rpm under room temperature
(23 +2 °C) until equilibrium, and the concentration of Cu(II)
in the filtrates was measured after filtering through Whatman
42 filter paper.

2.3.2 Kinetics Batch Adsorption

Cu(II) solution of 400 mg L' concentration with an initial
pH of 4 was taken into a polypropylene tube, and 0.04 g of
the adsorbent was suspended into it. The suspension was
shaken at 180 rpm under room temperature (23 +2 °C). Each
adsorbent along with blank was drawn from the shaker in
triplicates after every 15 min interval. The kinetics batch
test was performed for different time intervals ranging from
0 to 120 min. The solutions were separated by filtering
through Whatman 42 filter paper from the adsorbents, and
the concentration of Cu(Il) in the filtrates was measured. The
amount of Cu(II) adsorbed onto the adsorbents is calculated
using Eq. (2).

2.3.3 Isotherm Batch Adsorption

Various solutions with initial Cu(II) concentrations of 10,
50, 100, 200, and 400 mg L~! and pH of 4 were repapered in
deionized water. 0.04 g of each adsorbent, along with blank,
was suspended into 40 mL of each of the solutions in a poly-
propylene tube. Each adsorbent and blank were repeated
thrice. The suspensions were shaken at 180 rpm under room
temperature (23 +2 °C) for 120 min. The adsorbents were
separated from the solutions, and the concentration of Cu(Il)
in the solution was analysed. The adsorbed amount of Cu(II)
is found by using Eq. (2).
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2.4 Quality Control 2 o
= 2
All the Cu(Il) solutions were prepared in DI water using E éﬂ S
CuSO,-5H,0 (99.5%) purchased from DaeJung Chemicals, c@ 5 ﬁ § N
Korea. All treatments were replicated thrice for the accuracy Eé EE R §
of results. The filtrates were filtered again using 0.45 pm 2 2 E g | g
nylon syringe filters and before running on atomic absorp- 9
tion spectrophotometer. The Cu(Il) standards were run onto § T:D o % S
the atomic absorption spectrophotometer as unknown sam- = ol S )
ples, and the acquired recovery was 94—106%. é g o H H
S L o O <
Sl |E8 s
E £ |82 #
3 Results and Discussion 2 o~
5 2,
3.1 Characterization and Proximate Analysis ™ %fo o
The properties of the synthesized adsorbents (chemical and O E %‘ RASANAN
proximate) are shown in Table 1. The yield of the produced f, '% § agdre
biochar was 39.51%. The FS showed the highest volatiles % © o cTed
contents (66.22%), while minimum volatiles (10.95%) were E %
observed in BC due to the feedstock’s thermal treatment. ; _ ? § § § §
The volatiles increased to 14.51% and 21.12% in BC/P and g § § HoA A
BC/Fe®, respectively, due to BC’s modification. The high- 2‘ 8 g R I DI
est fixed carbon contents were exhibited by BC (53.42%) ﬁ: i sE|-
and BC/P (52.06%) due to the feedstock’s carbonization g é g § 2 5
as a result of the thermal process. The lowest fixed carbon 5 é HH AT
(16.05%) and highest ash contents (59.85%) of the BC/Fe° § %’ T S § o
were due to Fe contents in the materials, which remained E oo
integrated and confounded with ash contents. The pyroly- g SSoo
sis process resulted in a 4 unit increment in pH of BC due S 1S AN
to alkaline functional groups’ condensation and removal of 2 = RERRE R
acid functional groups [31]. However, the pH increases in @ < -
BC/Fe’ and BC/P was only 2 and 3 unit, respectively, which %/ g
could be due to washing out of alkaline functional groups % § SR
during the biochar modification process. 38 3 IR
The reduction in cation exchange capacity (CEC) from % 3 S 988
73.51 cmol kg™! in FS to 42.25 cmol kg™ in BC could e i3 Ea28
be due to the removal of surface functional groups and g & = o nq
enhanced aromaticity as a result of thermalization [32]. 5 g A A
Further decrease in CEC (28.96 cmol kg™!) in BC/P could E é §| g él v:J
be due to adsorption of P onto the exchange cites, whereas i 2 gSs g =
increment in the CEC (65.88 cmol kg™!) of BC/ Fe’ could § _
be due to the presence of nano-sized Fe’ particles. Biochar = & a9 g =
having higher CEC has shown high adsorption capacities § &é 29599
[33, 34]. g 3 g § i § 5
The XRD patterns of the orchard waste feedstock, pris- 5 é‘
tine, and modified biochar are presented in Fig. 1. A peak \S] Sl =
with higher intensity at 21.3° in FS depicted the occurrence 2 R § & H
of cellulose in biomass. However, this peak disappeared with ER § % i
pyrolysis in BC, BC/Fe®, and BC/P, due to degradation of E_; E Al b bt
cellulosic materials in biomass. A peak appearing at 20.9° = = -
in BC/P was designated to brushite (CaHPO,-2H,0), which % % g £ o
could have formed after the interaction of P with Ca in S E S 2 2 A
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Fig.1 X-ray diffraction (XRD) analyses patterns of orchard waste feedstock (FS), its derived biochar (BC), phosphorus embedded BC (BC/P),

and zero-valent iron composited BC (BC/Fe?)

biochar matrix [35]. The P loadings on the surface of the bio-
char can be evidenced by the occurrence of CaHPO,-2H,0
at 11.6° and a peak of hydroxyapatite at 30.5° in BC/P [36].
Likewise, the successful composite formation in BC/Fe® can
be confirmed by peaks at 43° and 63° ascribing as zero-
valent iron particles [31, 37-39].

The obtained FTIR spectra of the tested materials are
shown in Fig. 2. A band around 3300 cm™' in FS was due
to the O-H stretching of H-bonding due to free moisture
contents, which was lost upon thermal treatment in the rest
of the materials [31]. Similarly, the O-H and aliphatic C-H
stretch bands at 2810 and 2890 cm™! in FS were absent in
other materials.

Broadband with lower transmittance at 1618 cm™' was
due to the presence of —-COOH groups such as esters,
ketones, and carboxyl in FS, while a band at 1095 cm~!in
all the materials was owing to C—O—C stretches. The exist-
ence of Fe? particles can be evidenced by the presence of a
band at 3421 cm™! which was ascribed as —OH stretching
vibration resulted from the generation of FeOOH layer on
iron particles [40].

3.2 Effect of pH on Cu(ll) Removal

The effects of initial solution pH of 4, 7, and 10 on Cu(II)
removal by the tested adsorbents were studied with initial

Cu(II) concentrations of 50, 100, 200, 400 mg L', and
the obtained results are presented in Fig. 3. Although the
initial concentration of Cu(Il) is different in each graph,
its adsorption trend is similar. The per cent removal was
less at pH 4, which increased with increase in pH 8. With
further increase in pH beyond 8, the Cu(II) removal was
decreased significantly. Therefore, results revealed that pH
7-8 was optimum for higher Cu(Il) removal by the studied
adsorbents. Considering the initial Cu(II) concentration,
the higher per cent removal was observed with 50 mg L™!,
which reduced subsequently with rising in initial Cu(II)
concentration in the solution.

The lower adsorption of Cu(Il) onto the adsorbents at
lower solution pH could be due to the electrostatic repul-
sion between the H* groups present on the material surface
and the positively charged Cu(Il) ion [41]. The increase in
solution pH towards neutral has resulted in the hydrolysis
of Cu(Il) to form Cu(OH)*, subsequently adsorbing more
Cu(II) ions onto the synthesized material [3]. However, a
further rise in solution pH above neutral caused the for-
mation of Cu(OH), precipitates and therefore resulting in
lower Cu(Il) adsorption [3]. Thus, the results revealed that
a neutral pH was optimum for the highest Cu(II) onto the
tested adsorbents.
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Fig.2 Fourier transform infrared spectroscopy (FTIR) spectra of orchard waste feedstock (FS), its derived biochar (BC), phosphorus embedded

BC (BC/P), and zero-valent iron composited BC (BC/Fe?)

3.3 Kinetics of Cu(ll) Sorption

Kinetics sorption batch trials were conducted at a constant
temperature, pH, and initial Cu(II) concentrations to investi-
gate the tested adsorbents’ sorption dynamics towards Cu(I).
Different kinetics models including first-order, second-order,
pseudo-first-order, pseudo-second-order, Elovich, intraparticle
diffusion, and power function (Egs. 3-9, respectively) were
applied to the sorption data to understand the dynamics of
Cu(Il) adsorption onto the tested adsorbents. The standard
error of estimate (SEE) is calculated by using Eq. 10.

lnqt ZIHQ()_klt (3)
11

— = — —kyt 4
4q; 90 ? “)
In (g, —¢q,) =Ing, — kit 5)
r_1 1,

4 kg2 4e ©

(N

Ing, =Inb + ki(In¢) 8)

g, = c +kigt™ ©)
‘ 2

SEE = (Qem - qec) (10)

i=1

where g, and g, are the amounts of Cu(Il) sorbed (mg g_l)
at time O (min) and time ¢, respectively. g, is the sorption
capacity at equilibrium (mg g™"). k; and k'l are the first- and
pseudo-first-order rate constants. k, and k’2 are the second-
and pseudo-second-order rate constants, respectively. @ and
p are sorption rates (mg g~ min~"). k,, is the apparent dif-
fusion rate constant (in [mg g_l]_o's), and c is the diffusion
constant. ¢q,,, and ¢q,. are measured and calculated Cu(II)
sorption capacities (mg g~') of the adsorbents, and 7 is the
number of measurements.

The sorption dynamics of the kinetics, as presented in
Fig. 4, shows three distinct sorption stages, i.e. initial rapid
sorption stage, relatively slower sorption stage, and equi-
librium stage. It is evident from Fig. 4 that BC/Fe® was the
quicker one to acquire an equilibrium stage, followed by BC,
AC, and BC/P. Based on the R? and SEE values calculated
from kinetics models, the suitability of the models was in
the order of Elovich > pseudo-second-order > intraparticle
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Fig.3 Effect of pH on the adsorption Cu(Il) onto orchard waste-
derived biochar (BC), phosphorus embedded BC (BC/P), zero-valent
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Fig.4 Copper [Cu(I)] sorption kinetics onto orchard waste biochar
(BC), phosphorus embedded BC (BC/P), zero-valent iron composited
BC (BC/Fe?), and activated carbon (AC)

Cu(II) concentrations in the aqueous solutions were a 50 mg L™!, b
100 mg L', ¢ 200 mg L~!, and d 400 mg L™

diffusion > power function > pseudo-first-order > first-order
second-order (Table 2). Second-order, first-order, and
pseudo-first-order were inappropriate to ascribe the Cu(II)
sorption onto the synthesized material. Overall, the highest
value of R? of BC/Fe (0.976), BC (0.966), AC (0.950), and
BC/P (0.945) suggested that the Elovich model was best
fitted for the Cu(Il) sorption onto the synthesized mate-
rial. Moreover, intraparticle diffusion, power function, and
pseudo-second-order kinetics models were also fitted for
Cu(Il) ions sorption. The best fitness of the Elovich and
pseudo-second-order kinetics models suggested chem-
isorption, while the fitness of intraparticle diffusion further
depicted the involvement of diffusion process in the adsorp-
tion of Cu(II) onto synthesized adsorbents.

The kinetic parameters obtained from Cu(II) sorp-
tion dynamics are shown in Table 3. The initial sorp-
tion rate of Elovich model (a) was 79.44, 75.71, 72.28,
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Table 2 Coefficient of determination (R?) and standard errors of estimate (SEE) of kinetic models for copper (Cu(Il)) adsorption onto orchard
waste-derived biochar (BC), phosphorus embedded BC (BC/P), zero-valent iron composited BC (BC/Fe?), and activated carbon (AC)

Sorbent  First-order Second-order Pseudo-first- Pseudo-second-  Elovich Intraparticle dif- Power function
order order fusion
R? SEE R? SEE R? SEE R SEE R? SEE R? SEE R SEE
BC/Fe® 0.584 0.0185 0.002 0.6367 0.583 0.1370 0.923 0.0014 0976 0.0040 0.823 0.0011 0.771  0.0001
BC 0.833  0.0097 0.122 0.0004 0.834 0.0097 0965 0.0014 0966 0.0028 0972 6.4x10° 0.872 0.0007
AC 0.863 0.0035 0.139 0.0008 0.862 0.0035 0.950 0.0026 0.950 0.0009 0.980 0.0100 0.873  0.0003
BC/P 0.785 0.0080 0.138 0.0008 0.785 0.0800 0.952 0.0673 0.945 0.0048 0.940 0.0086 0.892  0.0004

61.60 mg g~! min~! in comparison with the pseudo-

second-order (h) which provided 53.61, 19.45, 16.57,
14.85 mg g~! min~™! for BC/Fe’, BC, AC, and BC/P,
respectively.

Furthermore, a greater Cu (II) sorption rate has been
observed onto BC/Fe” composite than the other synthesized
material. Similarly, the Elovich model predicted § was high-
est in BC/Fe® (24.82), whereas all other adsorbents gener-
ated negative f values. Likewise, the higher rate constants
in case of power function (b=1.4088) and intraparticle dif-
fusion (k;y=30.77 [mg g~'] —0.5) for BC/Fe® composite
suggested that it needed a short time to sorb Cu(Il) ions as
compared to other materials. Interestingly, pseudo-second-
order predicted maximum Cu(II) adsorption capacity of BC/
Fe?, which was 4.1 [36],4.2, and 5 times higher as compared
to BC, AC, and BC/P, respectively. Based on the sorption
dynamics, it was shown that Elovich, intraparticle diffusion
models, and pseudo-second-order well described the sorp-
tion of Cu(II) onto the tested adsorbents in order of BC/
Fe’>BC>AC>BC/P [36].

3.4 Equilibrium Cu(ll) Sorption

Equilibrium batch experiments were carried out to find
the synthesized materials’ sorption efficiencies for Cu(II)
ions. Langmuir, Freundlich, Redlich-Peterson, Temkin,
and Dubinin—Radushkevich models were applied to inves-
tigate the sorption pattern of Cu(Il) ions adsorbed on the
synthesized material. The nonlinear forms of the models

were applied to avoid the error variance. The adsorption data
analysed by various isotherm models are as follows [40, 42]:

q. = KeCL" (11)
QLCeKL
e = —— 12
T 1+K.C, a2
. AC,
%= 1+ BCS 3)
RT
g. = — In (AC,) (14)
1 2
de = qp €Xp <—BD [RTln <l + E)] ) (15)
€

where K (L ¢7!) is the sorptive affinity parameter, and
1/n is the component related to linearity in Freundlich iso-
therm. Q; (mg g~!) and K, (L mg™') are Langmuir maxi-
mum adsorption capacity and sorption equilibrium constant,
respectively. A (L g~!) and B (L mg™!) are the constants in
Redlich—Peterson equation, and exponent g has the value
between 0 and 1. In Temkin isotherm equation, b is a heat
of adsorption and A is binding constant (L mg~"') g is the
maximum adsorption capacity of the adsorbent (mg g~!) in
Dubinin—Radushkevich model.

Table 3 Parameters obtained from kinetic models for copper Cu(II) adsorption onto orchard waste-derived biochar (BC), phosphorus embedded
BC (BC/P), zero-valent iron composited BC (BC/Fe?) and activated carbon (AC)

Sorbent  First-order Second-order Pseudo-first- Pseudo-second-order Elovich Intraparticle Power function
order diffusion
ky k, ki e K, 9. h A B kiq ¢ k¢ b
BC/Fe®  0.0235 —4.1x1077 —0.0443 5660 23x107 15382 53.61 7944 2482 30.77 9543 1.0999 1.4088
BC 0.0265 —2.2x107 -0.0507 6.188 13x10™*  383.57 1945 7571 -34.68 31.98 1497 1.1230 1.0339
AC 0.0267 -2.5%107 -0.0525 6.125 1.1x10* 373.15 1657 7228 -37.47 30.89  7.581 1.1157 0.9941
BC/P 0.0263 -3.7x107 —0.0537 5755 1.6x10™* 30750 14.85 61.60 -31.68 2585 9.873 1.0990 0.8972
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The bonding energy (E) for the ion-exchange mechanism
can be calculated based on the mean free energy of sorption
(Bp) by using Eq. 16.

1
2By,

E =

(16)

The adsorption isotherm of the employed models (Fig. 5)
showed that the sorption of Cu(Il) on the adsorbent materials
was increased by increasing the initial Cu(II) concentration
[31]. It has previously been reported that the pollutant’s ini-
tial concentration decided the type of equilibrium isotherms
[43, 44]. The adsorption of Cu(Il) was very high at initial
low concentration (up to 50 mg L™"). The strong adsorb-
ate—adsorptive interactions helped to develop an H-type
isotherm showing the presence of more active sites. Above
50 mg L~!, adsorption was less due to less active site form-
ing an L-shaped isotherm [36]. All the isotherm models
exhibited a similar trend with higher adsorption capacity of
BC/Fe’, followed by BC, AC, and BC/P. Nonlinear param-
eters obtained from the applied isotherm models are shown
in Table 4. The Langmuir, Freundlich, and Redlich—Peter-
son models were fitted well to the Cu(Il) adsorption data
by showing high R? values (0.999-0.968), while Temkin
and Dubinin-Redushkecih models were not fitted well as R
values were in the range of 0.915-0.832 and 0.904-0.857,
respectively.

The Langmuir isotherm describes monolayer adsorption,
Freundlich isotherm describes multilayer chemical adsorp-
tion of adsorbate onto the adsorbent, and the Redlich—Peter-
son model combines the features of both Langmuir and
Freundlich isotherm models [45]. The best fitness of Lang-
muir, Freundlich, and Redlich—Peterson models to the
Cu(II) adsorption data suggested both mono- and multilayer
adsorption of Cu(II) onto the tested adsorbents. The Cu(Il)
ions are adsorbed chemically either by making electron shar-
ing, covalent bond, or adsorption in the adsorbate’s pores
[42, 46, 47]

The Langmuir model’s suitability is well described for
the structurally homogeneous adsorbent where all the avail-
able sites are alike and have equal energy. The Langmuir
model projected maximum adsorption capacity (Q; ) in the
order BC/Fe® (427.11 mg g~')>BC (204.72 mg g~')> AC
(198.64 mg g~1)>BC/P (121.56 mg g~ 1). Likewise, the Fre-
undlich isotherm generated Kp followed a similar trend by
yielding the highest value for BC/Fe® (6.2252 L g™ '), fol-
lowed by BC (5.4242 L g71), AC (4.3101 L g7!), and BC/P
(3.0308 L g~!). The highest value of K} for BC/Fe’ sug-
gested the highest Cu(Il) adsorption onto this adsorbent due
to the excess of active sites [31]. The g value obtained from
Redlich—Peterson isotherm was in a range of 0.4826-0.5968
for all the adsorbents, suggesting that the limitation of Fre-
undlich isotherm was less than that of Langmuir.

Furthermore, the lowest g value (0.3703) was obtained
for BC/Fe®, suggesting the highest Cu(II) adsorption onto
the said adsorbent due to strong attraction of BC/Fe” ions
converting it into inorganic oxides after interacting with
oxygen-containing functional groups in the organic back-
bone. Moreover, the enhanced surface coverage of biochar
with FeO/Fe3O4 crystals, providing more adsorption sites,
could increase the adsorption of Cu(Il) by transferring
into H-Fe—~O-M"* species in an aqueous solution [47]. In
contrast, the conditions became unfavourable at high initial
concentrations due to surface loading and saturation of pore
space [18]. The highest Cu(Il) adsorption capacity of BC/
Fe? could be due to synergy of nano-sized iron particles
and biochar, surface complexes with available -OH/-~-COOH
functional groups, and/or delocalized x electrons into the
biochar matrix [47].

The suitability of the Cu(Il) adsorption onto the tested
adsorbents was further assessed using the Freundlich model
predicted 1/n. The predicted 1/n values in Freundlich iso-
therm were in the range of 0.4250-0.6750 (< 1), indicating
the appropriate Cu(Il) adsorption in case of all the adsor-
bents. Furthermore, the lowest 1/n values for BC/Fe® indi-
cated the highest Cu(II) adsorption onto this material. Addi-
tionally, the Langmuir model derived separation factor (R;)
may be used to determine the affinity between adsorbate and
adsorbent by using Eq. 17 [48]

1

R=——
1+K,C,

17)

Figure 6 represents that the values for all the tested adsor-
bents were less than unity, suggesting the appropriateness of
Cu(II) adsorption. Thus, the isotherm data results indicated
that the synthesized materials were suitable for the removal
of Cu(Il) from aqueous waste media.

3.5 Proposed Mechanism

pH, kinetics, and isotherm batch sorption experiments were
conducted to investigate the synthesized adsorbents’ sorp-
tion efficiency against Cu(II). The best fitness of Elovich and
pseudo-second-order kinetic models suggested that chem-
isorption was the dominant sorption mechanism for Cu(II)
adsorption onto the tested adsorbents. It could be due to
positively charged Cu(II) ions with the surface functional
groups present on the adsorbents’ surface, which might
have involved the electron exchange between adsorbent and
adsorbate [40, 47]. Additionally, intraparticle diffusion’s
best fitness suggested that Cu(Il) ions were also diffused
into the porous structure of the adsorbents. These results are
also in agreement with the best fitness of Freundlich, Lang-
muir, and Redlich—Peterson isotherm, suggesting that the
adsorption of Cu(Il) onto the tested adsorbents were being
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Table 4 Nonlinear parameters of Langmuir, Freundlich, Temkin,
Dubinin—-Radushkevich, and Redlich—Peterson isotherms are indicat-
ing copper [Cu(Il)] adsorption onto orchard waste-derived biochar
(BC), phosphorus embedded BC (BC/P), zero-valent iron composited
BC (BC/Fe?), and activated carbon (AC)

Isotherms Parameters BC AC BC/Fe® BC/P

Langmuir QL(mgg‘l) 204.72 198.64 427.11 121.56
KL(Lg") 0.0060 0.0073 0.00530.0143
R? 0.998 0.998 0.999 0.989

Freundlich Ky (L g™ 54242 43101 6.22523.0308
1/n 0.5759 0.6081 0.37500.7250
R? 0.995 0993 0991 0.968

Redlich—Peterson A (L g™") 2.7327 3.7655 1.91348.6909
B(@Lmg )¢ 0.1185 0.0627 0.13100.7538
G 0.4859 0.4826 0.3703 0.5968
R? 0.992 0994 0995 0.969

Temkin b (J mol™) 27.235 26.182 41.353 16.170
A@Lg™h 0.2757 0.2043 0.34510.7043
R? 0.894 0915 0.832 0.864

Dubinin-Radush- Qp (mgg™!) 12339 121.52 212.13 88.048

kevich
E(ng‘l) 09168 1.190 0.81240.3911
R? 0.857 0.875 0904 0.872

1.0
&

—~, 0.8
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Fig.6 Separation factor (RL) obtained from Langmuir isotherms
versus initial Cu(Il) (copper) concentration for derived biochar (BC),
phosphorus embedded BC (BC/P), zero-valent iron composited BC
(BC/Fe?), and activated carbon (AC)

controlled with multiple mechanisms. The mono- and multi-
layer chemical adsorption of Cu(II) onto the adsorbents can
be explained by the best fitness of Langmuir and Freundlich
isotherms, respectively. Moreover, the electrostatic interac-
tions between cationic Cu(Il) ions and negatively charged
surface functional groups also played a role in Cu(II)
adsorption near neutral pH. In contrast, the precipitation of
Cu(II) can occur in pH above 7 [49]. The precipitation is an

essential mechanism for heavy metal removal from aque-
ous media; however, to remove precipitated salts at lower
concentration might be challenging [50]. The higher Cu(II)
adsorption onto BC/Fe® could be due to the higher surface
area and larger pore size of the said adsorbent due to nano-
sized iron particles, which provided more active adsorption
sites. Therefore, it can be concluded that the adsorption of
Cu(II) onto the synthesized adsorbents was mainly being
controlled by chemisorption (Cu(II) adsorption O-contain-
ing functional groups of hydrophilic sites), physisorption
(diffusion into the pore), electrostatic interactions, and pre-
cipitation (above pH 7).

4 Conclusions

The ecofriendly and renewable orchard waste biochar (BC)
in pristine form and modified with zero-valent iron (BC/Fe?)
and phosphorus (BC/P) was used to check the selectivity and
removal of Cu from the aqueous solution. A comprehensive
and systematic mechanism was deliberated for Cu removal
in aqueous solution at different pH levels. The oxidation-
resistant BC/Fe’ biochar proved to be highly efficient due
to its mono- and multilayer sorption capability for Cu(Il)
removal. The existence of additional functional groups on
the BC/Fe® helped increase biochar’s adsorption capacity
on acidic and neutral pH. The results were best fitted in the
Elovich model and Langmuir isotherm. BC/Fe® also found
the highest adsorption capacity (427.11 mg g~!) among
other adsorbents. The higher Cu(Il) adsorption using BC/
Fe” was due to the large surface area as the presence of nano-
sized iron particles provided more active adsorption sites.
Overall, the Fe® composited orchard waste-derived biochar
opened an avenue for multi-metal removal in addition to the
Cu(I) from the aqueous solution.
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