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Abstract Sugarcane bagasse activated carbon
(SBAC) was used as an environmentally friendly
adsorbent for the removal of zinc (I) heavy metal
from aqueous solutions at neutral pH. Zinc (II)
adsorption efficiency was evaluated at different pro-
cess parameters including adsorbent dosage, con-
tact time, and temperature using general factorial as
an experimental design to evaluate the maximum
adsorption efficiency. The synthesized SBAC was
subjected to advanced characterization techniques
that include FTIR, XRD, and TGA/DTA to study the
functional groups, crystallinity, and thermal prop-
erty, respectively. Chemically modified SBAC was
able to reduce initial metal concentrations by 82.4%.
The optimized process parameters that give maxi-
mum removal efficiency were obtained at 40 min,
6 gm, and 60 °C. The experimental data were fit-
ted to Langmuir, Freundlich, and Temkin models.
Pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models were used to model adsorp-
tion kinetics. The experimental data were best fit-
ted to the pseudo-second-order kinetic model with
Langmuir isotherm. An important parameter from
the isotherm which indicates adsorption capacity
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was 426.64 mg/g. The thermodynamic parameters
for entropy, AS, enthalpy, AH, and the Gibbs free
energy, AG, reveal that the adsorption of zinc (II) by
the SBAC is endothermic, thermodynamically feasi-
ble, and a spontaneous process.
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1 Introduction

The paramount discharge of heavy metals into the
globe has been increasing continuously due to indus-
trial activities and technological developments, pos-
ing a significant threat to the environment and pub-
lic health because of their toxicity, build-up in the
food chain, and persistence in nature (Khalfaoui &
Meniai, 2012; Khalfaoui & Meniai, 2012; Mahmoud,
2014; Rengaraj et al., 2001; Wuana & Okieimen,
2011). It is therefore very crucial to remove these
nonbiodegradable toxic heavy metals from indus-
trial effluents. Zinc, Cadmium, arsenic, copper,
nickel, lead, mercury, iron, and chromium are the
major heavy metal contaminants regularly detected
in industrial effluents that arise from metal plating,
battery manufacture, smelting, mining activities, tan-
neries, petroleum refining, paint manufacture, pesti-
cides, pigment manufacture, radiator manufacturing,
alloy industries printing, and photographic industries
(Kadirvelu et al., 2001).
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Zinc is a predominantly used heavy metal in elec-
troplating industries and discharges paramount efflu-
ents to the environment. It is very toxic if the amount
of zinc intake exceeds 100 mg/day (Senthilkumar
et al., 2006). Zinc harmfulness to humans has been
found in both acute and chronic forms. Toxicity from
chronic ingestion of zinc can result in copper defi-
ciency. Ingestion of this heavy metal bounds from
100 to 150 mg/day affects copper metabolism and
causes low copper levels in the body, decreased iron
function, red blood cell microcytosis, neutropenia,
reduced immune function, and decreased levels of
high-density lipoproteins (F. V. Pereira et al., 2010).
Ingesting 200-800 mg/day of zinc can cause abdomi-
nal pain, nausea, vomiting, and diarrhea. There are
other reported effects including lethargy, anemia,
and dizziness (F. V. Pereira et al., 2010). To pro-
tect freshwater, marine aquatic life, and agricultural
water, guidelines for zinc discharging limits have
been developed by several nations. For example,
the United States Environmental Protection Agency
(USEPA) sets up the maximum discharge limits of
zinc at 4.2 mg/L for any 1-day value and 2.6 mg/L
for the average daily values for four consecutive
monitoring days.

Different methods are utilized to expel heavy met-
als in water and wastewater such as chemical precipi-
tation, ion exchange, reverse osmosis, electro-dialy-
sis, ultrafiltration, and phytoremediation. However,
the high cost associated with these methods has urged
us to explore cheaper alternatives. Adsorption is
found to be the most effective, plentiful, simple oper-
ation, versatile and broadly used, and efficient method
to treat water and wastewaters containing heavy met-
als compared to other treatment techniques (Ali &
Gupta, 2007; Demirbas, 2008; Gupta & Ali, 2004;
Salihi, 2015).

Pereira et al. (F. V. Pereira et al., 2009) studied
zinc removal efficiency from electroplating waste-
water in batch and continuous mode using modi-
fied succinic anhydride sugarcane bagasse and
wood sawdust. They found 95% removal efficiency
in batch mode at 1.0 g/l adsorbent concentration
and 65.7% and 57.8% for continuous mode using
sugarcane bagasse and wood sawdust modified,
respectively. Other researchers also investigated the
removal efficiency of zinc using sand as an adsor-
bent. The removal efficiency was quite high ranging
from 71 to 87% (Aslam, 2004).
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Most low-cost adsorbents were prepared from
lignocellulosic raw materials that are available in
massive amounts that can be byproducts of indus-
trial processes or agricultural wastes (S¢iban et al.,
2007; Wan Ngah & Hanafiah, 2008). Sugarcane
bagasse is abundantly available as a byproduct in
sugarcane mill industries which can be utilized to
prepare low-cost adsorbents to treat heavy met-
als from aqueous industrial effluent due to its high
lignin, hemicelluloses, cellulose, and carbon con-
tent (Anoop Krishnan & Anirudhan, 2002; Guan
et al., 2013; Gupta & Ali, 2000; Hassan & El-
Wakil, 2003; Karnitz et al., 2007; Nada & Hassan,
2006; Srivastava et al., 2006). Sugarcane bagasse
is a fibrous residue of cane stalks cleared out after
pulverizing and extraction of the juice from sug-
arcane industries. Almost 54 million dry tons of
bagasse are produced yearly throughout the globe
(Mulinari et al., 2009). On average, sugarcane
bagasse contains almost 45-50% moisture, 43-52%
fiber, and 2—-6% soluble solids. The typical compo-
sition of bagasse fiber is around 26.6-54.3% cellu-
lose, 22.3-29.7% hemicellulose, and 14.3-24.45%
lignin (Katyal et al., 2003). Making use of sugar-
cane bagasse including its fly ash remaining from
the boiler house is still recognized by the lat-
est research works on the adsorption process for
the application of wastewater treatment due to its
abundant availability in sugar industries (Jembere
& Genet, 2021).

Many biosorbents have been developed and
tested for zinc removal from aqueous solutions,
for instance, fruit rinds (Yilmaz & Tugrul, 2022),
activated palm midrib (Mulana et al., 2018), urban
pruning waste (Sia et al., 2022), rice husk ash, and
derived hybrid (Jagaba et al., 2020). However, the
adsorption capacity of these biosorbents is low
(<40 mg/g). It would thus be of interest to find
high adsorption capacity biosorbents like SBAC
for zinc removal from wastewater. The objective of
this study is to investigate the adsorption character-
istic of Zn (II) ions from aqueous solutions using
sugarcane bagasse activated carbon (SBAC) as
low-cost adsorbents. The effect of time, tempera-
ture, and adsorbent dosage on metal ions’ adsorp-
tion onto these adsorbents have been investigated
and optimized. Adsorption isotherms, kinetics,
mechanism, and thermodynamics of the adsorption
process have been studied.
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2 Materials and Methods
2.1 Materials

Sugarcane bagasse (SB) was collected from Wonji
Shewa Sugar Factory, Ethiopia. A stock solution of
zinc ions was prepared by dissolving the appropri-
ate amount of ZnSO,.7H,0 in distilled water. The
pH of the solutions was adjusted by 0.01 M NaOH
or 0.01 M HCI solution. All the reagents used were
of analytical grade chemicals (brand of Merck) and
obtained from Bahir Dar Institute of Technology,
Chemical Engineering Laboratory, Ethiopia.

2.2 Preparation of Adsorbent

The bioadsorbent preparation technique is adopted
according to the method by Kim et al., (2001), whereby
sulfuric acid treatment is followed by carbonization.
Because impregnation with sulfuric acid before carboni-
zation appeared to increase the yield and porosity of the
activated carbon, the preparation procedure was simple
and economical. The SB was repeatedly washed with tap
water to remove specks of dust and mud. Then, it was
sun-dried and washed again with distilled water to elimi-
nate other remaining impurities. Then, SB was oven-
dried at 100 °C for 24 h to de-moisturize. After that, it
was pulverized using a disc mill to convert it into a fine
powder. The SB powder which passed 0.5-mm sieve size
was taken for adsorbent preparation to get a uniform par-
ticle size. The SB was then treated with 0.2 M H,SO,
for 12 h to remove soluble impurities. Subsequently, it
was washed with distilled water to maintain a neutral pH,
and then, it was dried again in an oven at 60 °C for 24 h
before activation. Finally, it was carbonized using a muf-
fle furnace at 650 °C for 2 h in an inert atmosphere to
prepare sugarcane bagasse activated carbon (SBAC), and
it was stored in a desiccator for further use.

2.3 Proximate Analysis of Sugarcane Bagasse

The proximate analysis of SB was conducted to deter-
mine moisture content, volatile matter, ash content,
and fixed carbon using standard methods. The sugar-
cane bagasse moisture content was determined using
an oven at a temperature of 105 ‘C until a steady
weight was maintained. The ash content and volatile
matter (VM) of the SB sample were determined using
a muffle furnace according to standard testing meth-
ods. The fixed carbon (FC) of sugarcane bagasse can
be calculated using Eq. (1). Triplicate experimental
runs were performed for all analyses, and the average
values were taken for each parameter. Table 1 shows
the ASTM standards used for proximate analysis.

FC(%) = 100 — %VM — %Ash (1)

2.4 Adsorbent Characterization
2.4.1 FTIR Analysis

FTIR characterization was carried out to distinguish
the main functional groups present in the SBAC
adsorbent responsible for surface adhesion. Two mil-
ligrams of SBAC adsorbent was mixed thoroughly
with 200 mg of potassium bromide (KBr) and homog-
enized in an agate mortar. Then, it was placed in the
sample compartment of infrared Fourier transform
spectroscopy (FT/IR-6600 type A) found in Bahir Dar
University, Chemical Engineering Department, and
the measurement was scanned in the range between

400 and 4000 cm™! at a resolution rate of 4 cm™".

2.4.2 XRD

The crystallinity analysis of SBAC adsorbent was
conducted using the X-ray diffraction method.

Table 1 ASTM standards

X > Properties
used for proximate analysis

Test method

Moisture content
Ash content

Volatile matter
Fixed carbon content

(ASTM E 1756, 2015)
(ASTM E 1755, 2007)
(ASTM E 872, 2013)

(ASTM E 1755, 2007) and
(ASTM E 872, 2013)
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The characterization was performed at Addis
Ababa University, Department of Chemistry, using
X-ray diffractometer SHIMADZU-7000 Corpora-
tion (Tokyo, Japan) using copper radiation CuKa
(A=0.154 nm), at an accelerating voltage of 40 kV
and working current of 30 mA. All patterns in the
range of 20 from 10° to 80° were recorded. Each
sample having a mass of 0.25 gm was pressed under
50 MPa to form pellets with an average diameter of
25 mm. The final result was presented in terms of
20 (degrees) vs. intensity (count).

2.4.3 TGA and DTA Analysis

Thermogravimetric analysis was performed using
SDT Q600 TA Instrument in 90-uL alumina crucibles
which are found in Bahir Dar University, Chemical
Engineering Department. Samples were heated from
25 to 800 °C, in N, atmosphere, at a heating rate of
10 °C/min, in which samples of nearly 5.0 to 6.0 mg
were used. Thermogravimetric curves were registered
between 25 and 800 °C.

2.5 Batch Adsorption Studies

Adsorption studies were performed based on a batch
operation to investigate the influence of different fac-
tors on the adsorption of Zn (II) ions onto the SBAC
surface. For adsorption studies, 250-mL conical
flasks’ capacity was used that contain 75 mL of solu-
tion. The parameters investigated in the experiment
were contact time (20, 40, and 60 min), tempera-
ture (30, 45, and 60 °C), and adsorbent dosage (2, 4,
and 6 g). All experiments were carried out at a fixed
pH of 7 and an initial concentration of 2.1 g/L. The
obtained data were employed to develop equilibrium
and kinetic models. The removal percentage of zinc
(IT) was calculated for each run by Eq. (2):

CO B Ct
R(%) = * 100 2)
Go

where C, is the initial concentration (mg/L) and C, is
the final concentration at time ¢ of the zinc (II) ion in
the solution.

The adsorption capability of an adsorbent, which
is obtained from the mass balance on the sorbate in a
system with solution volume (V), was regularly used
to determine the experimental adsorption isotherms.
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Under experimental conditions, the adsorption capac-
ity of all adsorbents was calculated for each concen-
tration of equilibrium zinc (II) ions using Eq. (3):

- *

ge = W 3)
where g, (mg g_l) is the amount of Zn (II) ions
adsorbed at equilibrium, C, (mg L™') is the initial
concentration of Zn (II) ions, Ce (mg L™!) is the con-
centration of Zn (II) ions in solution at equilibrium,
V (L) is the volume of Zn (II) ions, and m (g) is the
mass of the adsorbent.

2.5.1 Adsorption Equilibrium Isotherm

The maximum or ultimate adsorption capacity was
determined using an adsorption isotherm. There exist
six types of adsorption isotherms, and the impor-
tant design parameters are calculated from the batch
adsorption experiments. The most commonly utilized
models include Langmuir, Freundlich, and Temkin
isotherms.

Langmuir adsorption isotherm: The Langmuir
adsorption isotherm depicts the surface as homo-
geneous assuming that all the adsorption sites have
equal adsorbate affinity and that adsorption at one
site does not influence adsorption at an adjacent site
(Armbruster & Austin, 1938). It is valid for mon-
olayer adsorption onto the adsorbent (Armbruster &
Austin, 1938). The nonlinear and linear form of the
Langmuir equation is represented in Eqgs. (4) and
(5), respectively:

qmaxbcﬂ

1= T¥be, @

C, 1 C,

= ®)
de Dmaxb Dmax

where ge is the quantity of solute adsorbed in line
with the unit weight of adsorbent (mg/g), Ce is the
equilibrium concentration of solute inside the bulk
solution (mg/L), gmax is the monolayer adsorption
capability (mg/g), and b (L/mg) is the Langmuir con-
sistent associated with the adsorption capability and
strength of adsorption, respectively.

Freundlich isotherm: This isotherm devel-
oped by Freundlich (Freundlich, 1906) portrays the
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equilibrium on heterogeneous surfaces and does not
assume monolayer capacity. The nonlinear and lin-
ear form of the Freundlich equation is presented in
Egs. (6) and (7), respectively:

ge = K;C, ©6)

logg, = logK + %logCe @)

where g, is the amount of solute adsorbed per unit
weight of adsorbent (mg/g), C, is the equilibrium
concentration of solute in the bulk solution (mg/L),
and K is a constant that describes the relative adsorp-
tion capacity of the adsorbent (mg/g) and the constant
1/n shows the intensity of the adsorption.

Temkin adsorption isotherm model: Temkin
and Pyzhev (Temkin, M. J., 1940) describe the
interaction between adsorbing species and adsor-
bents among adsorption isotherms, and this equa-
tion can be indicated in linear form in Eq. (8):

q, = BInK; + BInC, (8)

where K; is the Temkin equilibrium binding con-
stant (L/mg) and B=RT/b is concerning the heat of
adsorption (J/mol).

3 Results and Discussion
3.1 Proximate Analysis

The proximate analysis determines the gross bio-
mass components in terms of fixed carbon content,
volatile matter, ash content, and moisture content of
the SB sample. Table 2 shows the proximate analysis
of SB. The moisture content of the SB used in this
study was 10.3% on a dry mass basis, and the value
of this result agrees with the moisture contents of SB

Table 2 Proximate analysis of SB

reported by different works of literature as shown in
Table 2. Low moisture content shows that the adsorp-
tion of moisture by using the SB samples was small,
and the moisture content has no substantial effect on
adsorptive power unless it increases the weight and
hinders the porous nature of adsorbents (Jawad et al.,
2017). The ash content of the SB was found as 4.56%
on a dry mass basis, and this value is similar to the
ash content reported by various works of literature
as indicated in Table 2. The good adsorbent has low
ash content; otherwise, it can lead to increase hydro-
philicity and can have catalytic effects, causing the
restructuring process during the regeneration of used
adsorbents (Ahmad et al., 2013). The volatile matter
contents were found to be 74.6% by dry mass basis,
and these values are very close to those previously
reported for bagasse as depicted in Table 2. Dur-
ing the activation step, natural molecules present in
adsorbents liberate as volatile matter leaving behind
a rigid carbon skeleton in the form of aromatic sheets
and strips (Bello et al., 2017; Jawad et al., 2019), and
additionally, significant quantities of mineral mat-
ter, carbonates, oxides, and sulfides were removed
(Ahmad et al.,, 2013). The fixed carbon contents
are found to be 14.1% on a dry basis, and different
researchers for SB as shown in Table 2 report similar
values. This may be attributed to the greater compe-
tition between activators and carbon as well as other
elements existing in the adsorbent to discharge more
unstable components with associated improvement
in the textural characteristics and carbon burn-off
(Mopoung et al., 2015).

3.2 FTIR Analysis

Participating functional groups in SBAC are deter-
mined by FTIR spectroscopy as shown in Fig. 1.
The major peaks found in the spectra were at wave
numbers 477, 600, 715, 1122, 1606, 1706, and

Contents This study  Literature ~ Reference

Moisture 10.3 8-14 (Katyal et al., 2003; Mesa-Perez et al., 2005; Tsai et al., 2006)

Ash 4.56 5-6 (Qian et al., 2020; Tsai et al., 2006)

Volatile matter 74.6 73-84 (Katyal et al., 2003; Tsai et al., 2006; J. J. Lu & Chen, 2015; Garca-Perez et al., 2002)
Fixed carbon 14.1 12-18 (Katyal et al., 2003; Qian et al., 2020; J. J. Lu & Chen, 2015; Garca-Perez et al., 2002;

Channiwala & Parikh, 2002)
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3480. The broad and strong absorption band at
3100-3600 cm™' demonstrated stretching hydroxyl
(-OH) or amine (—-NH) groups which are intermo-
lecular-bonded primary amine and alcohols classes.
The band at 1706 cm™' attributed to stretching
carbonyl (-C=0) groups (carboxylic acid, acetate
groups, ketone, aldehyde), and the 1606 cm~! band
belongs to (C=C) stretching vibration in conju-
gated alkenes. The peak at 1122 cm™! indicates the
presence of a functional group (C-O stretching)
which is responsible for the group of aliphatic ether
and secondary alcohols. The 716 and 600 cm™
peaks showed the presence of C-H bending aro-
matics and C-Br or C-I halo compounds (Hu et al.,
2011; Petrov et al., 2000; Rajbhandari et al., 2013).
Silica which is the main component of sugarcane
bagasse ash (Dlapa et al., 2013; Govindarajan &
Jayalakshmi, 2011) represented by peaks located
between 700 and 1200 cm™' in the FTIR spectra
(Capeletti & Zimnoch, 2016). Thus, the observation
from Fig. 1 shows that the ash content of the SBAC
samples is very low. This is because the SBAC has
low inorganic and volatile constitutes which were
achieved during activation. The functional groups
found in the SBAC especially hydroxyl (-OH) and
carboxyl (R-COOH) groups can bind heavy metals
by donation of an electron pair from these groups
to form complexes with metal ions in an aque-
ous solution (Kili¢ et al., 2014; Maia et al., 2021;
Phuengphai et al., 2021; Safari et al., 2019; Yilmaz
& Tugrul, 2022). The FTIR result supports that the

use of SBAC biosorbent is appropriate for heavy
metal adsorption from an aqueous solution.

3.3 X-Ray Diffraction

The X-ray diffraction pattern of SBAC presented in
Fig. 2 reveals the presence of an amorphous structure.
A broad peak was observed between 20 and 30° that
shows an amorphous character can contribute signifi-
cantly to the adsorption in terms of forming irregular
pores at undefined sites. The formation of scatter-
ing humps between 40° and 80° on the 26 axis can
indicate the presence of crystal structure that can be
attributed to the effect of acid-based pretreatment.

3.4 TGA Analysis

Thermal analysis of SBAC shows a broad peak
between 25 to 1000 °C showing the thermal char-
acteristics of the sample in terms of mass loss with
exposure to temperature change as shown in Fig. 3.
SBAC produces a small exothermic peak at 117.7 °C
which shows a mass gain of 3.4% which is attributed
to a possible oxidation reaction. As the temperature
increased from 117.7 to 698.4 °C, the sample began
to experience a mass loss of 13.81% due to dehy-
dration or water loss and organic matter degrada-
tion of the SBAC. The temperature interval between
698.4 and 1000 °C is associated with the solid resi-
due remaining at the end of the process that contains

Fig. 1 FTIR spectra for 20
SBAC
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Fig. 2 XRD pattern for
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ashes and fixed carbons (Van Nam et al., 2019). At
this interval, the DTA curve remains constant.

3.5 Effect of Adsorption Parameters
3.5.1 Effect of Adsorbent Dosage

Figure 4a shows the effect of adsorbent dosage on
Zn removal efficiency. The highest removal percent-
age was obtained with doses of 6 gm. The removal
efficiency increases with increasing adsorbent dos-
age. This can be defined, as there are more adsorbents
introduced into the system, and the more active sites
ready for hosting more adsorbates. Increasing the
dosage, the higher the number of available adsorption

30 40 50 60 70 80
2-Theta (°)

sites (Runtti et al., 2016). The maximum efficiency
was observed at 6 gm where the graph did not show
any sign of turning down.

3.5.2 Effect of Contact Time

As presented in Fig. 4b, the effect of the period of
contact on the elimination of Zn (II) ion on batch
adsorption in a single cycle is determined in the time
intervals of 20, 40, and 60 min. From the profile of
the graph, the initial rapid adsorption was observed.
The removal efficiency is increasing with time until
40 min which is the time needed to reach the equi-
librium. The result shows that from 20 to 40 min,
the removal efficiency rose from 75 to 82.4%. Then,

Fig. 3 Thermogravimetric
analysis (TGA) and dif-
ferential thermal analysis
(DTA) for SBAC
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Fig. 4 Effect of process parameters a adsorbent dosage, b contact time, and ¢ temperature on Zn (II) removal efficiency

when the retention further increased to 60 min, the
removal efficiency falls slightly to 81.6%. This phe-
nomenon can be justified through the nature of the
adsorbent and its available sorption sites dependent
on the time needed to reach the equilibrium (Bhat-
tacharya et al., 2006).

3.5.3 Effect of Temperature

The effect of temperature on the removal of Zn in an
aqueous solution by SBAC was studied by varying

@ Springer

the temperature between 30 and 60 °C. The data
presented in Fig. 4c show that the adsorption of the
metal ion by the SBAC increased with a rise in tem-
perature, which is typical for the biosorption of most
metal ions from their solution (Ho, 2003; Manju
et al., 1998; McKay et al., 1999). The increment in
adsorption efficiency with temperature could be one
of the indications of the chemisorption process. The
chemical reaction might occur between the active
functional groups on the surface of SBAC and Zn. In
chemisorption, the heat provided turns the activation
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energy, and more molecules of adsorbate increase
energy and keep energy greater than the activation
energy. Therefore, adsorption increases with a tem-
perature rise.

3.6 Isotherm Study

In the present study, three isotherms were studied,
namely, Langmuir, Freundlich, and Temkin iso-
therms, and fitted to equilibrium experimental data.
The results are shown in Table 3 and the modeled
isotherms are plotted in Fig. 5. From the correlation
coefficient, the experimental data is best fitted and
correlated to Langmuir with »=0.98758 which is
higher than Freundlich and Temkin with 7*=0.98525
and 0.98296, respectively. The values of K; and g,
were calculated from the slope and intercept from the
plot between Ce and Ce/qe. Therefore, the adsorp-
tion process of zinc (II) onto SBAC follows the Lang-
muir isotherm model with high monolayer adsorp-
tion. These monolayer adsorption capacities result in
a high value of qm, i.e., 0.42662 g/g (426.62 mg/g).
Additionally, the significant features of the Lang-
muir isotherm can be described by the separation
factor RL, which is calculated by the below equation
(Rozada et al., 2007).

1
k= Tk ©)
The value of R, is classified based on the nature
of the adsorption: irreversible (RL=0); favorable
(0<RL< 1); linear (RL=1); and unfavorable (RL> 1)
(Mohapatra et al., 2009). From the result, the value of
R; =0.121515, which indicate the process is favorable
for the adsorption of Zn (IT) using SBAC.

Freundlich isotherm model is the second-best fit
in the isotherm study with a regression coefficient
#»=0.98525. Table 3 shows the Freundlich param-
eters K and 1/n that were determined from the inter-
cept and slope of the line plot of log qe versus log Ce.
Since the values of 1/n (0.4716), less than 1 reflects
the favorability of the adsorption system between the
adsorbent SBAC and Zn (II). The adsorption capac-
ity indicating parameters of Freundlich isotherm
is K results in a higher magnitude of capacity, i.e.,
0.56065 g/g (560.65 mg/g).

The Temkin isotherm was also fitted to the
equilibrium experimental data with r*>=0.98296.

Table 3 Isotherm and kinetic model parameters

Isotherm Parameters Value
Langmuir q,, (gm/gm) 0.42662

K; (L/gm) 3.442577

R; 0.121515

I 0.98758
Temkin B (KJ/mol) 26.43

K, (L/gm) 12.231

? 0.98296
Freundlich 1/n 0.4716

K (gm/gm) 0.56065

? 0.98525
Kinetics type Parameters Value
Pseudo-first-order K1 (min™") 0.26555893

ge (gm/gm) 0.315769

? 0.85523
Pseudo-first-order K2 (min™") 0.1551436

ge (gm/gm) 11.7360418

s 1
Intraparticle diffusion  Kid (gm/gm.mins®>)  0.00134

C 0.14483

The constants K; and B were determined from
the plot between ge and In Ce. The assumption
behind the Temkin isotherm is that due to cover-
age because of adsorbent-adsorbate interactions,
the heat of adsorption of all the molecules in the
layer decreases. Therefore, the adsorption is char-
acterized by a homogeneous distribution of the
binding energies, up to some maximum binding
energy. From the table, K, value of 12.231 L/gm
was obtained which is the equilibrium binding
constant for the given binding energy. Another
important parameter under Temkin isotherm is the
b value which is related to the heat of sorption.
From the result, the calculated heat of sorption
for the SBAC to adsorb Zn (II) is 26.43 kJ/mol. A
positive value of the heat of adsorption indicates
that the adsorption is endothermic.

3.7 Kinetics Study

To study the likelihood of rate-controlling steps for
adsorption, models of pseudo-first-order (¢ versus In
(ge—qt), pseudo-second-order (¢ versus (#/gt)), and
intraparticle diffusion (* versus qt) are used to fit the
experimental data as can be shown from Fig. 5.
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To study the mechanism of Zn (II) ion adsorp- k,t
tion onto SB surface, the adsorption kinetics was Inge =) = Inq, - 2.303 (10
analyzed using pseudo-first-order Lagergren Eq. (9)
and pseudo-second-order rate Eq. (10) expressed as ¢ 1 ¢
: — ==t 11
follows (Ho & Mckay, 1999): 4 ke 4. (11)
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thermodynamics models

where g, is the amount of Zn (II) adsorbed at time ¢
(gm/gm™"), g, is the adsorption capacity at equilib-
rium (gm/gm), k; is the pseudo-first-order rate con-
stant (min~!), and k, is the pseudo-first-order rate
constant (min~'"). The diffusion coefficient for the
intraparticle movement of SBAC adsorbent has been
calculated at constant by employing rate Eq. (11)
according to Weber—Morris model:

q = Kigt** +1 (12)

where K, is the intraparticle diffusion constant (gm/
gm min’?).

From the table, regression coefficient R and all the
calculated parameters are presented. Based on the cal-
culated kinetic model parameters in the table, and the
pseudo-second-order model produced by far the best fit
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Table 4 Comparison of

the adsorption of Zn (II) Adsorbents G inax (ME/E) Reference

ion on SBAC with other Sugarcane bagasse activated carbon 426.64 This study

ﬁfgggigts reported in the Modified sugarcane bagasse (MB2) 125 (. V. Pereira et al., 2009)
Sugarcane cellulose-based adsorbent 363.3 (Wang et al., 2017)
Cassava waste 559.74 (Horsfall & Abia, 2003)

Dried marine green macroalga
Xanthoceras sorbifolia bunge hull

Crab carapace
Chitin shrimp shells
Chitin crab shells
Polyethyleneimine

Graphene oxide

128.8 (Ajjabi & Chouba, 2009)

103.82 (Zhang et al., 2017)
172.50 (S. Lu et al., 2007)
270.27 (Jaafarzadeh et al., 2014)
181.18 (Jaafarzadeh et al., 2014)
110.2 (Zhan et al., 2018)

345 (Sitko et al., 2013)

based on the value of R* (1), and these show that the
adsorption of Zn (II) on SBAC can be well demon-
strated by the pseudo-second-order kinetics model.

3.8 Thermodynamics Study

The thermodynamic parameters of adsorption, such as
Gibb’s free energy (AGe), enthalpy (AHe), and entropy
(AS?) changes, were determined from the temperature
range between 35 and 50 °C. The following equations
(Egs. (12)—(15)) are used to calculate the thermody-
namic parameters:

AG® = —RTInK (13)
AG® = —RTInK, (14)
AS°  AH°
LnKc = -
nKc ® RT (15)
Kc =qe/Ce (16)

where R is the ideal gas constant (8.314 J mol ™! )
and T is the temperature in K. KC is the thermody-
namic equilibrium constant.

The values of AH and AS are determined from the
slope and intercept of the plot of In (Kc) versus 1/T
as indicated in Fig. 5d. The Gibbs free energy (AG)
is obtained at a different temperature as summarized
in Table 3. The values of AG as a function of tem-
perature were to be—25.9917 (308 °C),—26.4141
(313 °C),—26.8366 (318 °C), and—27.259
(323 °C) KJ/mol. The decrease of AG with tem-
perature indicates that the process is spontaneous.

@ Springer

The positive value of AH (31.26 kJ/mol) indicates
the endothermic process. The positive value of AS
(84.49 kJ mol~' K1) suggests that Zn (II) adsorption
onto chemically modified bagasse is an associative
mechanism (Mohapatra et al., 2009). A positive value
of AS can also reflect that the adsorption process
involves a dissociative mechanism. Such adsorption
phenomena are not favorable at high temperatures
(Fig. 6).

3.9 Comparison with Previously Reported Data for
Zinc (IT) Adsorption

Table 4 presents a list of different adsorbent materi-
als that have been used to remove zinc (II) ions from
aqueous solutions. Comparison among the materi-
als shows that SBAC adsorption capacity (g, 1S
between the maximum and minimum values reported
in the literature. It is worth emphasizing that the use
of bioadsorbents such as SBAC is environmentally
friendly and it is one of the most powerful adsorbents
prepared for industrial wastewater treatment used for
the treatment of wastewater contaminated by heavy
metals such as zinc (II) ion.—

4 Conclusion

In this study, the adsorption of zinc (II) ion onto
SBAC was investigated for the dosage of the adsor-
bent, contact time, and temperature at neutral pH
conditions. Equilibrium data agreed better with the
Langmuir adsorption isotherm, and it was found to
provide the best fit to the experimental data with
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a maximum adsorption capacity of 426.64 mg g~!.
The kinetic model revealed that the experimental
data follows the pseudo-second-order model which
suggests a chemisorption process. The adsorption
process was found to be endothermic and spon-
taneous and can be explained with the pseudo-
second-order type kinetic model. Generally, this
study proved that the eco-friendly SBAC adsorbent
showed better performance, and the raw material,
sugarcane bagasse, is easily available in large quan-
tities, and its treatment method is very economical.

Data Availability All data generated or analyzed during this
study are included in this published article.
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