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ARTICLE INFO ABSTRACT
Keywords: This study intended to remove Cr(VI) from an aqueous synthetic solution employing synthesized
Activated carbon biochar adsorbent from a blend of locally sourced banana peel, and corn cob biomass wastes. An
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equal ratio of the prepared powder was activated with ZnCl, solution (1:1 wt basis) and
carbonized for 2 h at 600 °C. The proximate analysis of the selected BP-CCAC@ZC3 biochar was
conducted. Subsequently, its surface area, surface functions, and morphology were examined
using BET analysis, FTIR, and SEM techniques, respectively. The proximate analysis of
BP-CCAC@ZC3 showed a moisture content of 2.37 + 0.80 %, an ash content of 8.07 + 0.75 %,
volatile matter of 19.38 + 2.66 %, and fixed carbon of 70.18 %. It was found that the synthesized
BP-CCAC@ZC3 had 432.149 m?/g of a specific area as per the BET surface area analysis. The
highest efficiency for Cr(VI) removal was determined to be 97.92 % through adsorption batch
tests using a dose of 0.4 g of BP-CCAC@ZC3, an initial Cr(VI) concentration of 20 mg/L, pH of 2,
and 35 min contact time. Likewise, the adsorption process was effectively described by the
Langmuir isotherm model, which had a high correlation coefficient (R2 = 0.9977) and a
maximum adsorption capacity of 19.16 mg/g, indicating a monolayer adsorption mechanism. The
BP-CCAC@ZC3 biochar exhibited reusability for up to four cycles with only a slight decrease in
effectiveness, highlighting its potential for sustainable wastewater treatment. Overall, using corn
cob and banana peel composites to synthesize activated carbon with ZnCl; offers a promising
method for effectively removing Cr(VI) containing wastewater.

1. Introduction

The presence of toxic contaminants in water systems has escalated concerns about water quality and hygiene, with substantial
impacts on all living organisms. This concern is attributed to rapid urban expansion and industrialization, leading to increased
pollution of water bodies and soil.The release of untreated sewage wastewater from various industrial activities, including mining,
electroplating, welding, petrochemical production, dyeing, and tanning, poses a significant environmental issue. These industrial
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operations release wastewater laden with hazardous and toxic chemicals, exacerbating the degradation and pollution of aquatic
ecosystems [1]. The discharge of such pollutants into water bodies raises concerns about the overall health of aquatic ecosystems and
emphasizes the need for effective wastewater treatment strategies to mitigate the environmental impact [2]. Chromium is widely
recognized as a hazardous element that is commonly found in industrial wastewater in various oxidation states and is often used in a
variety of industrial activities [3]. Out of the different oxidation states, Cr(VI) is known for its high level of toxicity and its ability to
cause mutations, birth defects, and cancer [4-6]. This type of chromium is easily dissolved in natural environments and poses sig-
nificant health risks to humans, animals, plants, and microorganisms [4]. Moreover, Cr(VI) is known for its high solubility, mobility,
and strong oxidation ability, making it particularly harmful to living organisms [6]. Due to this, both the Environmental Protection
Agency (EPA) of the United States and the World Health Organization (WHO) have set rigorous regulations on chromium levels in
drinking and wastewater to decrease the long-term health hazards related to its exposure [7-9].

Efforts have been made to remediate Cr(VI) contamination in water sources. Various strategies, including the use of graphene
oxide-based adsorption, bioremediation with microbial strains, and the synthesis of nanoparticles, have been explored for the effective
removal of Cr(VI) from industrial wastewater [4,7]. Likewise, the biotransformation of Cr(VI) into its less toxic form (i.e., Cr(IIl)) by
certain fungal strains has been reported, indicating a potential avenue for reducing its harmful effects. Generally, the stringent reg-
ulations on chromium levels in water, particularly targeting Cr(VI), reflect the grave health and environmental concerns associated
with this highly toxic form of the element. Research efforts continue to focus on developing effective remediation strategies to mitigate
the risks posed by Cr(VI) contamination in water sources.

In the past few years, different methods for removing Cr(VI) from water/wastewater have been employed. These methods include
processes such as adsorption [10], electrochemical reduction, ion exchange, electrocoagulation, electrodialysis [11], and membrane
filtration [12]. Despite their limitations, such as reagent consumption and cost, adsorption stands out as a promising technology due to
its strong surface interaction [13]. Another studies demonstrated the effectiveness of pectin-based aerogels in adsorbing Pb?" from
wastewater, highlighting their potential in water treatment applications [11]. The adsorption process is highly regarded for its
practicality, cost-effectiveness, and efficiency in removing trace contaminants. Additionally, it is environmentally sustainable, simple
to operate, and easy to regenerate [14]. Fig. 1 describes the mechanism of the adsorption and desorption process proposed by Zaimee
etal. [15].

Researchers have demonstrated significant interest in utilizing various fruit peels and agricultural residues, including corn cobs,
banana peels, orange peels, sugarcane bagasse, rice straws, and moringa stenopetala seeds, as environmentally friendly adsorbents for
the removal of contaminants such as Cr(VI) from water/wastewater [16,17]. These agricultural waste peels have been explored for
their adsorption capacities, offering a dual benefit of pollutant removal from wastewater and contributing to waste minimization,
recovery, and reuse [18,19]. Studies have shown that fruit peels can serve as effective adsorbents for most of heavy metal pollutants
like Cd(II), Cu(Il), and Pb(Il), optimizing waste removal and enhancing industrial wastewater management [20]. The utilization of
waste fruit peels as adsorbents aligns with the principles of a circular economy, where biomass waste is repurposed to create
value-added products, contributing to environmental sustainability [21]. Furthermore, the development of adsorbents from biomass
waste, such as mango peels and snake fruit seed charcoal, highlights ongoing efforts to create alternative materials with high effec-
tiveness for pollutant removal [22,23]. These initiatives not only address environmental challenges but also offer economic benefits by
utilizing waste materials to produce valuable products [24].

In Ethiopia, abundant agricultural biomass presents a promising resource for developing biochar-based adsorbents for water
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Fig. 1. Heavy metal ions adsorption and desorption mechanisms in wastewater.
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treatment, a field still in its early stages locally compared to global trends [25]. Ongoing research aims to harness these resources to
improve water quality and develop effective environmental remediation strategies. Specifically, corn cobs and banana peels, which are
commonly discarded or burned, causing waste disposal issues and carbon dioxide emissions, offer significant potential [26-28].
Utilizing these residues for sustainable purposes, such as creating adsorbent materials, addresses waste management and environ-
mental protection. Through chemical modification, the combination of corn cobs and banana peels can produce an effective biochar
composite for treating sludge wastewater [14]. This approach is not only environmentally friendly but also cost-effective, making it a
viable solution for wastewater treatment. The resulting biochar composite is capable of adsorbing and eliminating harmful substances
from wastewater efficiently, aligning with the principles of sustainable and green technologies.

ZnCl, is a promising activator in composite materials, distinguished from common agents such as H3PO4, HoSO4, and KOH,
particularly for enhancing the porosity of carbonaceous materials. Studies suggest it acts as a catalyst during carbonization, promoting
the formation of char, aromatic structures, and well-developed pores, leading to a higher specific surface area [29]. For example,
research shows the creation of highly porous nanostructures from waste Agave sisalana for supercapacitors, highlighting carbon
materials with micropore and mesopore dominance achieved through ZnCl, activation [30]. Additionally, studies showcase the ability
to tailor porosity and magnetic properties of biochar adsorbents from cassava rhizome for dye removal by varying ZnCl, amounts [31].
Likewise, ZnCl,, along with H3PO4 and FeCls, was used to create activated carbon from chrysanthemum waste for methylene blue
adsorption, enhancing the adsorption efficiency [32]. Limited research exists on the effectiveness of ZnCly-activated corn cob and
banana peel biochar composite for removing Cr(VI) from industrial wastewater, a pressing concern in Ethiopia due to chromium
contamination. This study proposes such a composite as a sustainable and efficient solution for Cr(VI) removal. Furthermore, the
approach promotes waste biomass utilization for wastewater treatment, and can mitigate environmental damage to aquatic ecosystems
and soil from Cr(VI) contamination.

This study aimed to create a new biochar composite from corn cob and banana peel activated with ZnCl, for sustainable Cr(VI)
removal through batch tests. It involves a comprehensive analysis of adsorption isotherms and desorption studies to assess the ad-
sorbent’s efficiency in addressing Cr(VI) contamination. Furthermore, the study investigates the individual effects of various pa-
rameters, such as time, adsorbent dose, initial Cr(VI) concentration, and aqueous solution pH, on the removal of the target pollutant.
To characterize the biochar adsorbent, the study used analytical techniques including surface area analysis with Brunauer-Emmett
Teller (BET) analysis, morphology analysis with scanning electron microscopy (SEM), and identification of functional groups with
Fourier-transform infrared spectroscopy (FTIR). Atomic absorption spectroscopy (AAS) is employed during batch adsorption testing to
quantitatively measure Cr(VI) concentrations, and Origin software (version 9.5) was used to generate figures and visualize data for
accurate experimental result interpretation.
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Fig. 2. Steps to modify a biochar preparation from corn cob and banana peel powder and analysis of samples.
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2. Materials and methods
2.1. Materials and chemicals used

The materials and chemicals utilized in this study include banana peels, corn cobs, ZnCl, (99 %, Loba Chemie), KoCry07 (99 %,
Thermo Fisher Scientific), HCI (35.4 %, Alpha Chemical), NaCl (99.8 %, Rankem Industry), NaOH (98 %, Blulux Laboratories), KBr
(98.5 %, Sisco Research Laboratory), and distilled water (DW). The chemicals were of analytical grade, ensuring high purity and
minimal interference.

2.2. Experimental procedures for synthesis of an adsorbent

2.2.1. Preparation of raw corn cob and banana peel powder

The samples of corn cob and banana peel were collected from the surroundings of Haramaya University, Ethiopia. Fig. 2 shows the
overall steps to prepare and modify a biochar from these two precursors. The collected samples were thoroughly cleaned with DW.
According to a previously published method [33], the samples were then chopped into smaller pieces, sun-dried for 72 h, and further
dried in an oven at 75 °C for 24 h. Finally, the powdered corn cobs (CCP) and banana peels (BPP) were combined in equal proportions
in a 1:1 wt ratio. This mixture has been termed a new precursor (NP) for biochar synthesis and modification.

2.2.2. Surface modification of mixed corn cob and banana peel powder

Chemical modification of dried NP was performed using ZnCl; as an activating agent, following the procedures described elsewhere
[33,34]. First, an amount of ZnCl; ranging from 20 to 40 g was dissolved in 200 mL of distilled water. Next, 20-40 g of NP was added to
the ZnCl; solution and allowed to soak for 4 h at a temperature of 75 °C, using a hot magnetic stirrer. The mixture was then dried in an
oven at 80 °C for 24 h. Following this, the mixture was transferred to a crucible and subjected to carbonization for 1-3 h in a pro-
grammable furnace set between 500 and 700 °C to create composite porous biochar. After synthesizing the biochar composites, they
were thoroughly washed with a 2 M HCI solution and hot DW to remove any residuals. This washing process continued until the
solution reached a neutral pH. The composites were then dried in an oven at 105 °C for 24 h. Once dried, the material was finely ground
using a mortar and pestle. Finally, the biochar adsorbent composite, derived from corn cobs and banana peels, was desiccated and
prepared for subsequent analysis.

2.3. Biochar adsorbent characterizations

2.3.1. BET surface area analysis

The surface area of the biochar adsorbent was measured using a BET surface analyzer (SA-9600, UK). N2 adsorption was carried out
under vacuum conditions using liquid N at a temperature of 196.5 °C and a degassing of 300 °C with a degassing time of 60 min. The
specific area of the adsorbent was determined by analyzing N gas adsorption and desorption isotherms at atmospheric pressure of 700
mmHg [35]. The study investigated the impact of impregnation ratio, contact time, and temperature on the specific BET surface area.

2.3.2. Surface charge analysis

Assessing the surface charge of biochar adsorbents and their ion speciation is crucial for understanding their interaction with
aqueous metal ions and other substances [33,36]. To achieve this, five 100 mL volumetric flasks were filled, each with 40 mL of 0.01 M
NaCl solution. Then, 0.1 g of biochar adsorbent was added to each flask. The initial pH of the solutions was adjusted within a range of
2-10 using 0.5 M NaOH or 0.5 M HCl. The final pH values were recorded after the solutions were left to reach equilibrium for 24 h. The
plot of pHy versus pH; where the point it intersects with the axis that passes through zero value of ApH was noted as the adsorbent’s
pHzc. The pH difference (ApH) between the initial pH (pH;) and pHy was calculated using Eq. (1).

ApH = pH; — pHy (€Y

2.3.3. Proximate analysis

Proximate analyses were conducted following the standards established by the American Society for Testing and Materials (ASTM)
[37]. Accordingly, ASTM (D2867-09) [38], ASTM (D2866-94), and ASTM (D5832-98) [39] standards were followed to quantify
moisture, ash, and volatile of mixed raw powder and produced biochar, respectively. Fixed carbon content (FCC) was computed from
100 % by subtracting these three values [38].

2.3.4. FTIR and SEM analyses

The functional groups of the biochar adsorbent were identified using FTIR (DW-FTIR-530A, China). The biochar samples were
combined with KBr in a 1:100 ratios, ground with a mortar, and formed into pellets using a hydraulic pellet press. The analysis was
conducted at a resolution of 4 cm™! over a wavenumber range of 400-4000 em! [40,41]. The morphological characteristics of the
biochar adsorbent were examined using SEM combined with Energy Dispersive X-ray analysis (EDX). It was conducted according to
standard SEM operating procedures using a CX-200 instrument from Korea. The SEM was set to operate at an accelerating voltage of
20 kV with a working distance of 16 mm, a magnification of 100, and a scale of 100 pm, all under high vacuum conditions [42].
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2.4. Batch adsorption tests

To conduct batch adsorption tests, a stock solution with a concentration of 1000 mg/L of Cr(VI) was prepared using 2.83 g of
K2Cry07 in 1 L of DW. Calibration standards were prepared based on this stock solution. Table 1 shows ranges of different four pa-
rameters taken from the previous studies and used as preliminary tests to examine their effects. The effects of each parameter were
studied while keeping others constant. Batch tests were performed based on the previously reported work [33]. The Cr(VI) absorbance
in both the test samples and the working standards were measured using AAS at a wavelength of 357.9 nm. The equilibrium con-
centration of Cr(VI) was determined based on the established calibration curve. Blank solvents were run in between each analysis to
correct all absorbance reading measurements for calibration standards and samples. Each batch test was investigated in triplicate, and
the final result was reported using averaged mean values with a standard error. Egs. (2) and (3) were used for determining the effi-
ciency of Cr(VI) adsorption and Cr(VI) adsorbed per unit of biochar adsorbent, respectively [43].

Adsorption (%) = <%) x 100 2

Adsorption capacity (q.(mg/g)) = (C;A; Ce) x V 3)
AC

Where, C; and C. represent the initial and equilibrium concentrations of Cr(VI) (mg/L), respectively. V and Wy denote the total
volume (L) and mass of adsorbent (g), respectively.

2.5. Adsorption isotherms

In this work, the interaction mechanism between biochar adsorbent and metal solutions were assessed by utilizing Freundlich and
Langmuir’s adsorption isotherm models [51]. According to the Langmuir isotherm, the biochar adsorbent’s surface contains uniform
sites for monolayer adsorption [52,53]. On the other hand, the Freundlich isotherm indicates a multilayer adsorption process and
reversible behavior on heterogeneous surfaces [52]. It describes the exponential distribution and variability in surface activity sites of
the biochar adsorbent. The linear form of the Langmuir isotherm equation is given by Eq. (4), whereas, the efficiency of the adsorption
process, which is determined from the dimensionless Langmuir separation factor (LSF) is shown in Eq. (5) [47]. Eq. (6) was employed
to express the linear form of Freundlich adsorption isotherm model [54].

C. 1 C.

== Ze 4

qde quxKy  Qm )
1

LSF = 17K <G (5)

In(ge) =In(Ky) + Y, In(C.) (6)

Where, K} is Langmuir isotherm constant (L/mg), ¢, is maximum Langmuir capacity (mg/g), n is Freundlich isotherm adsorption
intensity, and Ky is Freundlich isotherm constant (mg/g)/(mg/L)Y™.

2.6. Adsorbent reusability and Cr(VI) remediation

Reusability of selected biochar was investigated using the adsorption and desorption processes following the work published
elsewhere [55]. The analysis was performed using the optimal parameter values determined from the preliminary test, and 0.1 M
NaOH was employed as the eluting agent for the adsorption and desorption cycles. The Cr(VI) desorption test was conducted in 250 mL
flask with a known Cr(VI) loaded adsorbent and 100 mL desorption solution of 100 mL was agitated at 200 rpm. In addition, the
adsorbent loaded with Cr(VI) was rinsed with DW before drying in an oven at 105 °C for 2 h. The recycled biochar adsorbent was
reused for up to four cycles. Eq. (7) was applied to determine the desorption percentage [56].

. C
Desorption (%) = (M> x 100 @
Ce(ads)
Table 1
Different values of parameters from the literature for preliminary batch adsorption tests.
Parameters studied Selected Values References
Initial concentration of Cr(VI) (mg/L) 20,30, 50, 70, 90, and 100 [43,44,45]
Contact time (min) 15, 35, 55, 75, and 95 [46]
Solution pH 2,4, 6,8, and10 [47,48,45]

Adsorbent dosage (g)

0.1, 0.4,0.7, 1, and 1.3

[49,50]
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Where, Cd), and Ceqs) (mg/L) denote concentrations of desorbed from biochar adsorbent, and adsorbed on biochar adsorbent at
equilibrium, respectively.

3. Results and discussions
3.1. Physicochemical analyses of the synthesized adsorbent

3.1.1. BET surface area analysis

The effect of chemical impregnation on the precursor powder to ZnCl, ratio on specific surface area (sBET) was investigated
(Fig. 3). An increase in impregnation ratio from (1:2) to (1:1) increased the sBET of the adsorbent. Two distinct areas of pore
development were observed in Fig. 3. Below the (1:1) ratio, sBET increased significantly from 4.159 to 432.149 m?/g, while above
(1:1), porosity gradually decreased to 285.188 m?/ g at a ratio of 2:1. The formation of multiplayer activators requires a comprehensive
understanding of impregnation and carbonization processes [57]. Initially, when corn cob and banana peel biochar are impregnated
with ZnCly, the salt dissociates into Zn?* ions and chloride ions. These Zn?* ions act as catalysts during carbonization, promoting the
dehydration and carbonization of organic precursors present in the biomass. In addition, Zn?>* ions can promote chemical reactions
that heighten the activation of surface functional groups, leading to an increase in the pore volume and surface area of the resulting
biochar composite. This phenomenon becomes more evident at higher chemical ratios. Secondly, regarding the role of ZnCl; in pore
development, its impact on the physicochemical properties of biochar composites must be considered. Zn?" ions facilitate the removal
of volatile components and enhance the formation of macropores, micropores, and mesopores within the biochar structure [58].
Moreover, ZnCly can interact with surface functional groups on the biochar, creating new active sites and altering pore size distri-
bution. A gradual change in the surface porosity of the biochar adsorbent was observed, aligning with previous studies on Cr(VI)
removal using activated Terminalia arjuna nuts [59].

The carbonization temperature ranges of 500-700 °C was selected based on precursor material thermal degradation characteristics
and desired final biochar properties. Higher temperatures generally lead to greater carbonization and graphitization, increasing pore
volume and surface area. However, excessively high temperatures could lead to the deterioration of functional groups and a reduction
in adsorption capacity. Therefore, the chosen temperature range ensures sufficient carbonization while preserving biochar structure
integrity and optimal adsorption properties. Carbonization at 500 °C initially produced insignificant sBET due to insufficient heat for
volatile matter evolution and possible inadequate ZnCl; activation at low temperatures (Fig. 3). As temperatures increased from 500 to
600 °C, more volatiles were released, new pores developed, and sBET increased. Further temperature increments beyond 700 °C led to
reduced sBET, attributed to evaporation and contraction of biochar active sites, reducing porosity. Carbonization temperature
significantly influences biochar adsorbent properties, with higher temperatures enhancing carbon content, surface area, and
adsorption capacity. However, excessively high temperatures can cause pore collapse and decreased efficiency, as reported previously
[60-62].

Impregnation times of 60-180 min was chosen to ensure sufficient contact between precursor material and activating agent. Longer
impregnation times may result in over-activation, while shorter times may lead to reduced specific surface area as shown in Fig. 3. The
selected impregnation time range balances activation efficiency and surface modification avoidance. As impregnation time increased
from 60 to 120 min, sBET increased, reaching a local maximum at 120 min before decreasing. Longer carbonation times are desirable
to increase biochar porosity, but excessive times can lead to pore closure due to sintering and destroy biochar structure. The choice of
impregnation time is crucial, affecting activation and adsorption porosity. Understanding this rationale helps optimize parameters for
specific surface areas, as observed in previous work on Cr(VI) adsorption [63,64].

3.1.2. Selection of synthesized biochar adsorbent
In this study, among the synthesized biochar adsorbents (i.e., BP~-CCAC@ZC1l, BP-CCAC@ZC2, and BP-CCAC@ZC3),
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Fig. 3. Effect of the ratio of impregnation, carbonization time, and temperature on sBET.



H. Adugna Areti et al. Heliyon 10 (2024) e33811

BP-CCAC@ZC3 was selected as the optimal adsorbent based on its higher sBET (432.149 m2/ g) compared to the other two (4.159 m2/
g and 285.188 m?/g, respectively) (Table 2). The significantly higher sBET of BP~-CCAC@ZC3 compared to BP-CCAC@ZC]1 suggests a
more extensive network of pores and active sites available for adsorption. This enhanced porosity allows BP~-CCAC@ZC3 to accom-
modate a greater number of chromium ions, thereby enhancing its adsorption performance. Similarly, the superior surface area of
BP-CCAC@ZC3 in comparison to BP -CCAC@ZC2 indicates a more optimized pore structure conducive to efficient adsorption. The
optimized pore structure of BP~-CCAC@ZC3 likely facilitates better contact to active sites and improves the interaction between the
adsorbent and chromium ions, resulting in improved adsorption performance. Based on these considerations, further analyses were
conducted using the BP~-CCAC@ZC3 biochar adsorbent.

3.1.3. Point of zero charge analysis

The success of adsorption processes depends not only on the surface area available on the adsorbent material, but also on the
intricate interplay between the adsorbent’s surface texture and its inherent electrical properties [36,65]. At a given pH, pHzc specifies
the charges on the biochar adsorbent that indicate the potential electrostatics among the adsorbate and adsorbent surfaces. As depicted
in Fig. 4, the pHzc value of the BP-CCAC@ZC3 biochar adsorbent in this work was found to be 4.723. Hashem et al. [66] showed that
pH values above and below pHzc lead to negatively and positively charged solid surfaces, respectively. The surface of BP~-CCAC@ZC3
biochar was positively charged under pH 4.723, and thus its surface adsorbs negatively charged chromate (HCrO47). The
pH-dependent nature of these electrostatic interactions suggests that optimal adsorption occurs under acidic conditions, as the biochar
surface becomes positively charged, facilitating the uptake of Cr(VI) ions [67]. Conversely, at pH values above the pHzc, the
deprotonation of surface functional groups creates a negatively charged biochar adsorbent surface, repelling negatively charged Cr(VI)
ions and thereby reducing adsorption capacity [33]. Generally, the chromium chemical species in aqueous solution, as described by M.
M. Islam et al. [68] and Sharma et al. [69], shows the distribution of major Cr%* forms, including Cr,0%~, CrO3~, HyCrO4, and HCrO3.
Specifically, the predominance of HCrOz occurs in acidic conditions (pH 1-6), while CrO%~ is the dominant species in alkaline so-
lutions with a pH higher than 7. At a pH < 3.9, Cr®" exists as water-soluble cations, gradually decreasing as pH increases to 5. Hy-
drolysis causes the formation of Cr(OH)** at a pH > 5, and insoluble Cr(OH)3 precipitates are formed at a pH > 6 [68].

3.1.4. Proximate analyses of the adsorbents

Table 3 presents the proximate analyses of raw BP-CCP and modified BP~-CCAC@ZC3 from this study, along with a comparison to
other biochar adsorbents reported in the literature. It can be seen that BP-CCP has a higher volatile (39.6 %), low moisture (11.2 %),
high ash content (23.4 %), and high fixed carbon (25.8 %) content. However, BP-CCP activated with ZnCl, (BP-CCAC@ZC3) resulted
in increased fixed carbon content, decreased moisture and ash contents. The BP—-CCAC@ZC3 biochar had a moisture content of 2.37 +
0.80 %. As at higher moisture contents, microorganisms might decompose the biochar surfaces and reduce its adsorption perfor-
mances, low moisture content of activated carbon is preferable [27]. The modified BP~-CCAC@ZC3 also contained 8.07 + 0.75 % ash
and 19.38 + 2.66 % volatile matter. The occurrence of excessive ash content can cause the pore sites on the biochar adsorbent to
become clogged, thereby reducing the adsorption of the adsorbent surface. The research conducted by Bayisa et al. [70] found that an
effective means of treating sludge wastewater through adsorption processes is the use of substances with low ash content and medium
volatile content, as they indicate greater efficiency. Conversely, adsorbents that have increased proportions of ash and volatiles matter
show reduced effectiveness in removing contaminants. The fixed carbon content in biochar activated carbon in the present study was
70.18 %. As shown in Table 3, overall the proximate results of BP~-CCAC@ZC3 were in corroborate with the results of previous studies.
The removal of ash, moisture, and volatile matter during modification could increase the content of fixed carbon, the formation of
porous surfaces, and the graphitization of the produced biochar [71]. High fixed carbon describes high quality and shows better
removal efficiency [72]. Based on these findings, the BP~-CCAC@ZC3 biochar activated carbon produced from corn cob and banana
peel composite activated by ZnCl; possesses a higher number of carbons-based components, thus demonstrating promising properties
as an effective biochar adsorbent.

3.1.5. FTIR analysis

The FTIR spectra of the BP—-CCAC@ZC3 adsorbent before and after the adsorption process is depicted in Fig. 5. The peaks observed
between 3650 and 3200 cm ™ likely correspond to stretching vibrations of amine (N-H) and hydroxyl (O-H) groups, and possibly also
to hydrogen bonding between hydroxyl groups [77]. Specifically, the peak at 3436 cm ™" indicates the O-H of alcohols and phenols, as
well as the N-H vibration of amino acids. The peak band at 2982 cm ™! confirms the presence of C-H bonds [47]. Additionally, peaks
between 2500 and 2000 cm ! predominantly represent stretching of C=C and/or C=N bonds [78]. A peak at 2360 cm ! suggests the
presence of either cyanide (C=N) or alkyne (C=C) bending vibrations, while the peak at 1641 cm ™' indicates the presence of con-
jugated systems like alkenes (C=C) or aromatic rings. The band at 1046 cm™! is consistent with G-C or C-O stretching vibrations,
potentially indicative of ethers or esters [79]. Likewise, the peak at 580 cm ™! can be attributed to vibrations involving Zn-O bonds,

Table 2

Individual outcomes for producing best biochar adsorbent using ZnCl, activating agent.
Adsorbent code Temperature (°C) Time(min) NP(g) ZnCly(g) (NP: ZnCl,) SBET (m%/g)
BP-CCAC@ZC1 500 60 20 40 1:2 4.159
BP-CCAC@ZC2 700 180 40 20 2:1 285.188
BP-CCAC@ZC3 600 120 40 40 11 432.149
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Table 3

The proximate analysis values of the current biochar and related adsorbents from the literature.
Adsorbent type Moisture Content (%) Ash Content (%) Volatile Matter (%) FCC (%) References
Fe304— Parthenium hysterophorus 5.2 13.3 19.4 62.1 [73]1
Corn Cob AC 29 2.4 40.9 59.3 [72]
Khat stem AC 6 17.35 20.12 56.53 [70]
Lagerstroemia speciosa Seed hull 3.7 2.6 74.1 19.6 [74]
Bamboo waste AC 9.56 21.66 4.66 73.68 [75]1
Coffee husk AC 10.85 3.51 68.33 17.31 [76]
BP-CCP 11.2 23.4 39.6 25.8 This study
BP-CCAC@ZC3 AC 2.37 £ 0.80 8.07 £ 0.75 19.38 + 2.66 70.18 This study
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Fig. 5. FTIR analysis of biochar activated carbon before, and after adsorption tests.

potentially serving as a fingerprint for this specific biochar material due to the presence of zinc-containing functional groups [80].
Moreover, the changes in band positions and intensities observed after the adsorption processes can be attributed to the complex
interactions and strong binding of surface functional groups with the adsorbate on the biochar surfaces. As the adsorbent interacts with
the adsorbate (in this case, Cr(VI)), various chemical reactions occur at the molecular level, leading to alterations in the vibrational
frequencies of the functional groups present on the biochar surface. Changes in peak intensities after adsorption signal interactions
between the adsorbent and adsorbate molecules. These interactions can involve the formation of new chemical species or the
strengthening of existing functional groups on the adsorbent’s surface, as seen with hydrogen bonding between the adsorbent and Cr
(VD) ions [81]. The study highlights that multifunctional groups on the adsorbent’s surface form hydrogen bonds with negatively



H. Adugna Areti et al. Heliyon 10 (2024) e33811

charged (HCrO3) anions, underscoring the importance of functional groups in facilitating the adsorption process and enhancing the
removal of Cr(VI) ions from aqueous solutions.

3.1.6. SEM analysis

Surface morphology analysis was conducted on three samples: the unmodified raw material, the modified activated biochar, and
the biochar after Cr(VI) adsorption, as depicted in Fig. 6. The photomicrograph of the unmodified powder (Fig. 6a) showed a rough
surface morphology that was tightly packed with no visible open pore surface. This was attributed to the presence of lignin, viscous
compounds, and pectin, which could affects adsorption performance [82]. In contrast, the modified adsorbent (Fig. 6b) exhibited open
micropores, indicating surface modification through chemical activation by ZnCl,. The evaporation of ZnCl, and the decomposition of
water and other organic substances during carbonization enhanced the biochar’s surface area and facilitated the formation of
multifunctional groups, as confirmed by FTIR analysis, thus improving adsorption processes. Conversely, Fig. 6¢ demonstrates a
decrease in active surface sites on the biochar following chromium adsorption, implying that the pores have become saturated with Cr
(VD) ions. Moreover, The SEM-EDX spectra (Fig. 6d) revealed the presence of a prominent chromium complex peak on the biochar
surface, corroborating the study of Fang et al. [83] that observed Cr(VI) occupying biochar pores, thereby diminishing the surface area
available for adsorption.

3.2. Effect of parameters on Cr(VI) adsorption

Fig. 7 illustrates the effects of each selected operating parameter on batch Cr(VI) adsorption by BP~-CCAC@ZC3 adsorbent. pH
values from pH 2 to pH 10 were investigated for Cr(VI) removal while fixing other parameters at average values. The effectiveness of Cr
(VI) removal significantly declined from 96.17 %-28.35 % as the pH increased from 2 to 10, as shown in Fig. 7a. A study by Akiode
et al. [84] found that the speciation of chromium changes with the pH of the solution. At pH levels higher than 6, chromium ions are
present as CrO%’. Below pH 1, it exists as HyCrOg, while within pH ranges of 2-6, it exists as HCrO4 and Crzog’ [85]. Therefore,
chromium removal was higher under acidic conditions (pH < 6) [86]. The maximum efficiency at lower pH was mainly associated with
the positively charged and protonated biochar surface, as confirmed by the pHzc study of BP~-CCAC@ZC3. The same finding was also
noted in the study of [26]. Hence, the maximum adsorption efficiency of BP~-CCAC@ZC3 adsorbent was observed at about pH 2. Fig. 7b
depicts the efficiency of Cr(VI) adsorption decreased significantly from 90.83 to 54.33 % as the initial concentration of Cr(VI) varied
from 20 mg/L to 100 mg/L. The decrements in removal efficiency could be the reason of filling the empty of vacant spaces on ad-
sorbent’s surfaces and its saturation with a higher concentration of chromium ions [43]. Badessa et al. [87] reported the same trends in
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Fig. 6. SEM image analysis of a raw sample, b modified biochar, ¢ after adsorption and d EDX after adsorption.
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their study for treating Cr(VI) from sewage wastewater by banana peel and Moringa stenopetala seed powder. The optimum initial
concentration of Cr(VI) (i.e., 20 mg/L) was selected for subsequent adsorption experiments.

Moreover, Fig. 7c reveals effect of BP~-CCAC@ZC3 biochar from the ranges of 0.1-1.3 g. Increasing the biochar dose from 0.1 to 0.4
g enhanced adsorption efficiency from 58.33 to 90.28 %, respectively. This adsorption enhancement was possibly due to as the number
of adsorbent doses increases; the binding sites available for adsorbing the chromium ion would increase. Nevertheless, increasing the
adsorbent dose beyond 0.4 g did not significantly enhance Cr(VI) adsorption efficiency, likely due to an equilibrium reached between
the biochar adsorbent and Cr(VI) ions. This finding is concisely consistent to the work that reported treating of heavy metals by banana
peel powder [88]. Hence, in this study a biochar dose of 0.4 g was selected as optimal value.

Fig. 7d illustrates the effect of time (varying from 15 to 95 min) on removing Cr(VI) from synthetic aqueous solution. As time
enhanced from 15 to 35 min, the Cr(VI) efficiency improved from 86.81 to 96.53 %, respectively. The long interaction time of Cr(VI)
ions and the biochar adsorbent’s surface contributed to improved adsorption [89]. Though, after reaching equilibria at a time of 35
min, the removal became almost constant, which was due to biochar adsorbent’s surface becoming saturated with excess Cr(VI) ions.
This finding was corroborated by previous reports [87]. Thus, 35 min was selected as the optimum contact time for Cr(VI) batch tests
by BP-CCAC@ZC3. Moreover, numerous studies have been conducted to investigate the effectiveness of different adsorbents for
removing Cr(VI) from wastewater. Kumar et al. [90] examined the use of rice straw activated carbon and found that increasing the pH
from 3.1 to 8.0 increased Cr(VI) adsorption from 42 %-90 %. However, increasing the concentration of Cr(VI) from 1.5 to 5.0 mg/L
decreased adsorption from 74.2 %-47.2 %. Rai et al. [48] also investigated mango kernels activated with H3PO4 and achieved an
adsorption efficiency of 85 %. Maheshwari & Gupta [91]. utilized fresh non-porous neem bark treated with concentrated H,SO4 and
obtained a maximum adsorption capacity of 14.33 mg/g. Rangabhashiyam et al. [92] studied ficus auriculata leaves and reported a
maximum monolayer capacity of 13.33 mg/g of Cr(VI). Badessa et al. [87] examined Moringa stenopetala seed powder and banana peel
powder, achieving removal efficiencies of 92.17 % and 90.07 %, respectively. Compared to these literatures, this study showed that the
mixed composite material had a higher removal efficiency. It achieved a removal efficiency of 97.92 % with a dose of 0.4 g, pH 2, initial
concentration of 20 mg/L, and a contact time of 35 min. This indicates that the developed adsorbent performs well and has the po-
tential for efficient removal of Cr(VI) from water/wastewater systems.

3.3. Investigation of adsorption isotherms

In this work, experiments investigated the effect of initial Cr(VI) concentration on its adsorption using isotherms. Analysis of the
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linear relationship between C, and C./q. (as shown in Eq. (4) and Fig. 8a) yielded Langmuir isotherm parameters. The maximum
Langmuir adsorption capacity was found to be 19.16 mg/g, signifying that each gram of biochar could adsorb up to this amount within
35 min (Table 4). This result is consistent with similar findings presented in Table 5, highlighting the exceptional capacity of ZnCl,-
modified corn cob and banana peel biochar for Cr(VI) removal. On the other hand, the Langmuir model exhibited a superior fit (R2 =
0.9977) compared to the Freundlich model (R? =0.9726) (F ig. 8a and b). This suggests a uniform biochar surface and monolayer Cr
(VI) adsorption, similar to prior research using sugar beet-based activated carbon [49]. Furthermore, the decreasing LSF values to-
wards zero with increasing initial Cr(VI) concentration (20-70 mg/L) (Fig. 8c) indicate highly favorable Cr(VI) uptake by the
BP-CCAC@ZC3 biochar. This effectiveness aligns with studies by Khalifa et al. [93] who employed banana peel-based biochar for Cr
(VD) removal in synthetic solutions.

3.4. Adsorbent reusability and remediation studies

Experiments were performed to assess the reusability of the BP-CCAC@ZC3 biochar for Cr(VI) removal from wastewater. Fig. 9
illustrates four consecutive adsorption-desorption cycles conducted under optimal conditions using a 0.1 M NaOH solution. The first
cycle achieved an impressive chromium removal efficiency of 97.59 + 0.57 %, likely due to the abundance of active sites on the
biochar surface readily attracting chromium ions (Fig. 9). Additionally, surface functional groups on the biochar may have been
protonated, enhancing electrostatic interactions with positively charged chromium species and promoting adsorption. However, a
gradual decrease in removal efficiency was observed in subsequent cycles (95.17 + 0.57, 90.35 + 1.14 and 84.92 + 1.14 %, for cycles
2, 3, and 4, respectively). This decline can be attributed to the saturation of active sites on the biochar surface [98]. During the initial
cycle, the biochar exhibits a high affinity for chromium, leading to efficient removal. With repeated adsorption-desorption cycles,
these sites become progressively occupied, resulting in a reduced capacity to adsorb chromium in subsequent cycles. Several factors
may contribute to this decline. The desorption step using NaOH might not fully recover the original adsorption capacity. Residual
chromium species may remain bound to the biochar, limiting the availability of active sites for later cycles [99]. Additionally, repeated
cycles could compromise the biochar’s structural integrity through physical degradation or pore blockage. Furthermore, contaminants
or impurities in the wastewater can affect the adsorption-desorption process. The buildup of organic matter or inorganic compounds on
the biochar surface during adsorption can hinder the removal of chromium in subsequent cycles.
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Fig. 8. Model fittings of a Langmuir, b Freundlich, and ¢ LSF versus Cr(VI) initial concentration (at 0.4 g biochar dosage, 35 min contact time, and
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Table 4

Isotherm parameters values for Langmuir and Freundlich models.
C; (mg/L) Ce (mg/L) Qe (mg/g) Ce/qe (g/L) In(Co) In(qe) Langmuir model Freundlich model

Um Ky LSF R? n Ky R?

20 0.56 4.86 0.11 — 0.59 1.58 19.16 0.59 0.078 0.9977 2.24 6.99 0.9726
30 0.97 7.26 0.13 —0.03 1.98 0.053
40 1.67 9.58 0.17 0.51 2.26 0.041
50 2.92 11.77 0.25 1.07 2.47 0.033
60 4.72 13.82 0.34 1.55 2.63 0.027
70 7.08 15.73 0.45 1.96 2.76 0.024

Table 5

Comparative results of the current study with the corresponding adsorbents in the literature.
Adsorbent types Qqm (mg/g) Conc. (mg/L) Dose (g) Time (min) pH References
Teff Straw AC 19.48 87.57 2.742 109 2.2 [42]
MBCAC 98.95 % 23.02 0.354 34.40 2.05 [33]
Corn cob 25.69 50 1 90 2.01 [94]
Arachis hypogea husk 2.355 50 - 120 8.0 [95]
Alga-Fe304 loaded AC 15.24 40 1 90 3.0 [96]
Mn-Ni Ferrite nanocomposite 18.31 200 0.5 60 9 [35]
Ti-XAD7 nanocomposite 2.73 2.75 5.05 51.53 8.7 [97]
Mango kernel AC 7.8 60 0.25 150 - [48]
Leucaena leucocephala AC 13.85 100 0.3 60 4 [50]
Parthenium hysterophorus weed 24.9 100 0.9 90 2 [27]
Turbinaria vulgaris 21.8 100 1.2 110 2.8 [86]
BP-CCAC@ZC3 AC 19.16 20 0.4 35 2 This study
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Fig. 9. Desorption and adsorption performances of Cr(VI) removal using recycled and fresh adsorbents.

Despite the observed decrease, the BP-CCAC@ZC3 biochar demonstrates excellent reusability compared to existing adsorbents.
Studies by Ashour & Tony [100] and Ma et al. [101] reported significantly lower regeneration efficiencies (59 % and 52.39 %) for clay
minerals and corn straw, respectively, after similar cycles. This comparison highlights the superior reusability and regeneration po-
tential of the BP-CCAC@ZC3 biochar for practical applications in Cr(VI) wastewater treatment.

3.5. Possible adsorption mechanisms

Based on the current results of this research study, anionic chromate was easily adsorbed from the surface of biochar adsorbent
because of the adsorbent’s complex chemical structures, and the abundance of binding sites on BP~-CCAC@ZC3. Adsorption mecha-
nisms of Cr(VI) on the biochar surface were realized by complex formation, redox process, and electrostatic interactions. The FTIR

spectrum results confirmed that surface functions such as O-H, C-O, N-H, C=N, C-H, C=C, C-C, and C—=C formed bond complexes

with Cr(VI). The reductions of hexavalent to trivalent chromium occurred on the biochar surfaces via the redox processes. The
reduction mechanism is presented in Eq. (8) [89]. Comparatively, Cr>" was more easily attracted by electrostatic attraction than other

12



H. Adugna Areti et al. Heliyon 10 (2024) e33811

chromium species on the heterogeneous surfaces of adsorbents. Furthermore, under acidic conditions, the negatively charged anionic
chromate (HCrO4") easily binds to the positively charged BP~-CCAC@ZC3 adsorbent through electrostatic attraction [66].

HCrO; +7H" +3e” < Cr’" + 4H,0 (8)

4. Conclusions

This study successfully synthesized a BP-CCAC@ZC3 biochar adsorbent by using a mixture of corn cob and banana peel, with ZnCl,
as the activating agent for reducing Cr(VI) from synthetic solutions. Through preliminary testing, optimal conditions were determined
to achieve a high-porosity adsorbent, including an impregnation ratio of NP to ZnCl; at 1:1 by weight, a carbonization temperature of
600 °C for 2 h, resulting in a specific surface area (sBET) value of approximately 432.149 m2/g. The sBET results confirmed that BP-
CCAC@ZC3 exhibited the highest porosity among the tested biochars, making it effective for mitigating Cr(VI) from synthetic solu-
tions. Physicochemical surface characteristics were evaluated using proximate analyses, surface charge analysis, and SEM, and the
results indicated that this biochar was a potential candidate for adsorption applications. The FTIR spectra analysis confirmed the
presence of multifunctional groups on the surface of the selected adsorbent, which play a significant role in the removal of Cr(VI). The
effects of parameters including pH (2-10), time (15-95 min), biochar dose (0.1-1.3 g), and (20-100 mg/L) of initial Cr(VI) concen-
tration were investigated through batch adsorptions. The maximum 97.92 % of Cr(VI) removal was found at a biochar dosage of 0.4 g,
PH 2, an initial Cr(VI) concentration of 20 mg/L and a contact time of 35 min. The data from the experiment showed a strong fit with
the Langmuir isotherm model (R? = 0.9977), suggesting that the adsorption process was uniform and occurred at a monolayer level.
The adsorption-desorption cycles demonstrated that BP-CCAC@ZC3 biochar exhibited excellent stability and reusability, maintaining
over 80 % adsorption efficiency of Cr(VI) in practical applications for up to four cycles. This underscores the effectiveness of this
biochar in remediation of Cr(VI) from synthetic solutions.

In summary, using corn cob and banana peel composites to produce activated carbon provides a sustainable and eco-friendly
approach to tackling pollution and waste disposal problems. This approach proves effective for removing Cr(VI) from synthetic so-
lutions, showcasing promise for environmental remediation efforts. Nevertheless, to broaden the applicability of this composite
adsorbent, future investigations should assess the adsorbent’s efficacy against a wider range of heavy metals prevalent in industrial
wastewater, particularly those from tannery operations. Additionally, optimizing process parameters like temperature, agitation
speed, and particle size has the potential to significantly enhance adsorption efficiency. Furthermore, a thermodynamic evaluation of
the adsorption mechanism would provide valuable insights into the process. Finally, validating the real-world applicability of this
adsorbent requires pilot and column-based adsorption experiments that simulate industrial-scale wastewater treatment.
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