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ABSTRACT

The oxidation of trivalent chromium (Cr(lI1)) to more toxic hexavalent chromium (Cr(VI)) in wastewater
causes several problems in aquatic environments and downstream users. The aim of this research was to
optimize Cr(VI) removal from an aqueous solution using activated orange peel adsorbent for treating
tannery wastewater by analyzing the effects of adsorbent dose, pH, and contact time. The design expert
software was used. Raw and activated orange adsorbents were characterized by FT-IR spectroscopy,
scanning electron microscope (SEM), and Brunauer-Emmett -Teller (BET). Batch adsorption experiments
were carried out at room temperature and the residual concentration of Cr(VI) was analyzed by UV-VIS
spectrometer. Bio-sorbent desorption was also conducted to regenerate the bio-adsorbent and recover the
metal. The removal efficiency was maximum (94.74%) at pH of 2, dosage 2.5 g/L, and contact time of 90
minutes. FTIR results confirm that hydroxyl functional groups, which have high affinity towards heavy
metals, are responsible for the removal of Cr(VI). Methoxy groups, which undergo demethylation to
generate new hydroxyl groups after carbonization confirming oxidation, also play significant role in the
adsorption process. SEM results indicate that activated orange peel adsorbent has highly porous surface
created due to the removal of viscous compounds during activation. The Langmuir isotherm model shows
a better fit and the reaction kinetics is described by a pseudo-second-order kinetic model (R?=0.99). The
Cr(VI) removal efficiency in real effluents is lower than in stock solution due to the scavenging effects of
competitors. In summary, results of this research indicate that the use of activated orange peel adsorbent
is promising to treat wastewater effluents for removal of Cr(V1).
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INTRODUCTION

During the last few decades, anthropogenic activities, population growth, and poor
management of natural water resources have contributed to the contamination of
drinking water leading to a serious crisis reflected by the scarcity of water for
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approximately half of the world’s population (Jacob et al., 2018; Varghese et al.,
2019). Tannery wastewater represents one of the major sources of environmental
pollution since it contains many contaminants, such as heavy metals, chloride, and
total organic compounds represented in biological oxygen demand (BOD) and
chemical oxygen demand (COD), toxic chemicals, lime with high suspended and
dissolved salts, and other pollutants (Mostafa and Peters, 2016; Saryel-Deen et al.,
2017; Hamdy et al., 2019; Abdel-Aziz and Fayyadh, 2021). Heavy metal pollution
from such industries, mainly chrome contamination, has a significant area of
concern due to high concentrations released into the environment that can cause
different health problems and is classified as carcinogenic material (Masindi and
Muedi, 2018).

The sources of chromium pollution are mining, leather tanning process, cement
industries, electroplating, production of steel and other metal alloys, photographic
materials, corrosive paints, pigments, dyes, textiles, metal finishing, nuclear power
plants, and chromate preparation (Murugesan et al., 2013; Tejada-Tover et al.,
2018). Heavy metals such as chromium cause a wide range of human health effects
like mutagenic and carcinogenic risks (Tejada-Tover et al., 2018). Large quantities
of chromium (Cr) used for tanning and leather processing industries leak into
aquatic environments, such as rivers and lagoons, ponds, and streams, causing
water pollution and depletion of aquatic lives (Vignati et al., 2019). Chromium is
associated with several effects on the environment and human health. Inhalation
and retention of Cr(VI1) containing materials can cause functional impairment to the
internal organs of human beings. Skin contact with chromium (V1) leads to skin
diseases (Murugesan et al., 2013). The operation of tanning in the leather
processing industry consumes a large volume of water in several unit operations
generating a massive amount of solid, gaseous, and liquid effluents that are
hazardous to the environment (Mekonnen Birhanie et al., 2017). In chromium-
tanned leather products, where Cr(111) is applied to the hides, Cr(VI) forms under
certain circumstances (Chemical Information Sheet, 2021). To date, most tanneries
worldwide, 80-90%, use trivalent chromium salts for tanning Bethanie (Apte et al.,
2005; Panda et al., 2016). The main chromium compound used for leather tanning
is chromium (111) hydroxide sulfate, Cr(OH)SO,, (Apte et al., 2005). Chromium
() can be oxidized to chromium (VI) at a very low pH when heated in the
presence of oxygen (Apte et al., 2005; Swaidan et al., 2019). Chromium (I11) in the
aqueous phase can also oxidize to Cr(VI) through interaction with the manganese
dioxide (MnO,) surface (Apte et al., 2005). The tanning and leather processing
industry results in Cr(VI) contaminated wastewater and disposal of Cr(VI)
contaminated sludge (Bhavya et al., 2019). Wastewater from tanneries contains
heavy metals and other enrichment of nutrients, especially phosphorous (P) and
nitrogen (N), which reduce oxygen in the water body through intense bacterial
mineralization and cause a risk to the aquatic ecosystem and makes excessive
growth of algae (Nguyen et al., 2019). On the other hand, bio-sorption by using
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peel residues from various fruits, vegetables, and plants is an ecological, versatile,
simple, and economical method. If not handled properly, these residues can also
contaminate the environment where they are deposited; therefore, this alternative
allows the reuse of waste by incorporating multiple advantages, such as their wide
availability, simple treatments, biodegradability, variety of sources, reduction of
pollution, and waste management, as well as their high efficiency in the elimination
of pollutants, such as heavy metals (Ranasinghe et al., 2018; Varghese et al., 2019).
Orange peel stands out among these candidates due to its low cost and high content
of organic compounds (pectin, cellulose, hemicellulose, among others) on its
surface, along with a large amount of soluble compounds, requires a treatment that
allows conditioning the biomaterial and obtaining an increase in its adsorption
capacity (Chen et al., 2017). The orange peel that is discarded by the citrus-
processing industry is characterized as having a high contaminating power, given its
high content of moisture and fermentable sugars, low pH, and high content of
organic matter, which gives it a high rate of fermentability, causing serious
economic and environmental problems for its disposal (Patifio-Saldivar et al.,
2021). In addition, this residue can cause soil contamination in cases of direct
disposal, water pollution due to the infiltration of putrefactive residues in the water
table, and air pollution due to the uncontrolled production of greenhouse gases.
Consequently, the use of orange peel as a bio-sorbent material can be beneficial for
the environment both by reducing waste without treatment and its effect of metal
recovery.

Therefore, treating tannery wastewater using low-cost natural adsorbents is
necessary to protect the aquatic environment from pollution. Furthermore, almost
all researches on chrome removal have been performed on ideal conditions by
preparing stock solutions from reagents of the heavy metal. This research aims to
remove Cr(VI) from real tannery wastewater using activated orange peel adsorbent
and optimize the adsorption process. Comparisons of chrome removal efficiencies
have been investigated by considering raw orange, activated orange, and activated
carbon adsorbents using both stock solutions and real tannery wastewater effluents.
The preferential use of orange peel bio-sorbents is due to desired characteristics of
the bio-sorbent (Kotrba et al., 2011) such as bio-sorption capacity due to the
presence of important functional groups (such as hydroxyl and methoxy groups)
which have high attraction for metal ions, economic feasibility (low cost), easy
availability, easy desorption of the adsorbed metal ions, and reuse of the bio-sorbent
for several cycles. Orange peel is expected to have active sites that can chelate with
metal ions due to a physico-chemical process and remove these metal precipitates
from aqueous solutions by filtration (Ekpete et al., 2010). Orange peel adsorbents
were activated chemically using hydrochloric acid, which resulted in a high specific
surface area that is essential for chrome removal. There are some advantages of
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using hydrochloric acid over other acids like H,SO4, HNO3, H3PO,. In aqueous
environments, these acids release sulphur, nitrogen and phosphorus, respectively,
causing water pollution and eutrophication. The feasibility of advanced or tertiary
water treatment is also in question due to the need to remove sulphur, nitrogen and
phosphorus, making the process costly. In contrast, the use of HCI provides
advantages such as disinfection of aqueous solution by chlorine ion and no side
effects on the aquatic environments. The effects of process variables of pH,
adsorbent dosage, and contact time on the chrome removal efficiency were
investigated on stock solution and optimum conditions were used to treat real
tannery wastewater effluents. Adsorption isotherms and kinetics were investigated
for Cr(VI) removal from wastewater. When combined with appropriate
regeneration steps, adsorption is an effective method for removing toxic hexavalent
chromium to reduce processing cost. Hence, desorption experiments are performed
to regenerate the adsorbent, recover the metal, and to solve the problems of sludge
disposal. Design expert version 7 software was used to determine the number of
experimental runs and evaluate the optimum conditions for the adsorption process.

MATERIALS AND METHODS
Chemicals and equipment

All reagents used were of analytical grade. Potassium dichromate (K,Cr,0;) was
purchased from the local market to prepare the working solutions. Hydrochloric
acid (HCI) was used for orange peel powder treatment. The Fourier transform
infrared sample studies were performed with a Jasco FT/IR-6600, measuring from
400-4000 cm™. The textural properties of orange peel were determined using a
BET parser (NOVA4000e) to measure the surface area of the adsorbent. A scanning
electron microscope (FEI INSPECT F50) was used to analyze the surface
morphology of raw and activated orange peel. UV-VIS spectrometry (Perkin Elmer
Lambda35) was used to measure the final concentration of the metal ion remaining
in the solution during the test of each batch.

Methods
Preparation of orange peel adsorbent

Orange peel samples were collected from a local market in Bahir Dar city, Ethiopia.
The peels were washed with tap water to remove dirt and unwanted particles and
then dried in a hot air oven at 105 °C for 24 h. After drying, the material was
ground by laboratory mortar and pistil with particle sizes ranging from 0.150 to
0.325 mm (Pathak et al., 2017). The orange peel powder was carbonized with a
muffle furnace at 300 °C for 2 h to improve porosity and adsorption efficiency.
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High activation temperature above 300 °C decreases adsorption efficiency by
increasing the ash content of the adsorbent and decreasing the fixed carbon content
of the adsorbent (Ashtaputrey and Ashtaputrey, 2016). After carbonization and
cooling, the adsorbent was soaked in hydrochloric acid (1M HCI) for 24 h at room
temperature, washed with distilled water until a pH of 6-7 range was achieved, then
oven dried at 105 °C up to constant mass, put in airtight bottles and stored in a
desiccator for use in batch adsorption experiments (Hossain et al., 2012; Murugesan
et al., 2013; Shadreck et al., 2013; Ayodeji et al., 2022 ).

Point of zero charge

To determine the point of zero charge of the adsorbent, 40 ml of 0.1 M KNO;
solution was prepared in conical flasks; the pH of the solution was adjusted by
using 0.1 M HCI and NaOH with the pH range of 2-10. One gram of adsorbent was
added to each conical flask and shaken for 24 h using an orbital shaker. Finally, pH
values were recorded after the attainment of equilibrium and pHpzc was computed
based on pH changes (Pathak et al., 2017). The difference between initial and
equilibrium pH was plotted against the initial pH of the solution. The point at which
the graph crossed the x-axis was taken as pHyc value.

Characterization of adsorbent

FT-IR spectroscopy was used to identify the functional groups in the orange peel
adsorbent. FT-IR spectra of the raw and activated adsorbent were recorded in the
range 4000-400 cm™ using a Jasco FT/IR-6600 model FT-IR spectrometer with
KBr pellets.

Preparation of chromium stock solution

Standard chromium stock solution (1000 mg/L) was prepared by dissolving 2.825 g
potassium dichromate (K,Cr,0) in 1 liter deionized water. Standard solutions for
calibration and working solutions of initial metal chromium were prepared from
sequential dilutions of the stock solution. For bio-sorption batch adsorption
experiments, Cr solutions (100 mg/L) were prepared from the stock solution by
dilution (Ekpete et al., 2011; Jisha et al., 2017).

Batch adsorption experiment
In this research, adsorbent doses of 1.5 g/L, 2 g/L, and 2.5 g/L, contact time of 30,

60, and 90 min, and pH of 2, 5, and 8 were considered for adsorption study with
known initial Cr(VI) concentrations to obtain the equilibrium data. In batch tests,
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the dilute Cr(V1) solution was added in 250 ml conical flasks and agitated at 120
rpm (Ekpete et al., 2011; Jisha et al., 2017; Temesgen et al., 2018). The required
amount of adsorbent was measured by digital balance and mixed with the adsorbate
solution in the conical flask. The mixture was placed on the shaker for mixing the
solution. After equilibrium, the samples were filtered through Whatman No.41 filter
paper and stored in the sample holder for chromium removal analysis. The filtrates
were analyzed by UV-VIS spectrometry to determine the Cr(VI) concentration that
remained in the solution. The amount of metal ions adsorbed by the adsorbent and
the adsorption efficiency were calculated according to equations (1) to (3)
(Murugesan et al., 2013):
. (Co—Ce)V
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where Qe is the amount of Cr(V1) bio-sorbed per gram of biomass (mg/g); Co and
Ce are the initial and equilibrium concentrations of Cr(VI1) (mg/L), respectively; R
is removal efficiency (%); V is constant volume of the solution (L); M is the mass
of adsorbent (g); Qt is the amount of metal ion adsorbed at time t; Ct is the metal
ion concentration (mg/L) at time t. The same adsorption procedure was applied for
the real tannery wastewater treatment at the optimum process variables obtained
from the stock solution experiments.

Langmuir adsorption isotherm model

The Langmuir isotherm assumes monolayer adsorption on a uniform surface with a
finite number of adsorption sites. Once a site is filled, no further sorption can take
place at that site (Maremeni et al., 2018). The Langmuir adsorption isotherm model
was designed to quantify and contrast the adsorptive capacity of various bio-
adsorbents according to (EImorsi, 2011). The Langmuir equation can be written in
the linear form as indicated in equation (4) below (Dabrowski, 2001):-

C. 1 Ce

— = e (D)
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where C, (mg/ L) is the equilibrium concentration of adsorbate, g. (mg/ g) is the

amount of adsorbate per unit mass of adsorbent, g, (mg/ g) is the maximum
adsorption capacity of the adsorbent and K (L/ mg) is Langmuir constant related to
energy of adsorption.




Ethiop. J. Sci. & Technol. 16(1): 51-75, January 2023 57

Freundlich adsorption isotherm model

According to Freundlich's assumption, multilayer adsorption is applied and
adsorbate molecules are adsorbed onto the heterogeneous surface of an adsorbent
and adsorption of solutes from an aqueous phase to a solid surface is described and
correlated to the amounts adsorbed per unit mass of adsorbent (Maremeni et al.,
2018). This isotherm is applicable to adsorption processes which occur on
heterogeneous surfaces (Ayawei et al., 2015a) and gives an expression which
explains the surface heterogeneity and exponential distribution of active sites and
their energies (Ayawei et al., 2015b).The linear form of the Freundlich isotherm is

presented in equation (5) below as (Boparai et al. 2011):
logq, = logKy + loice ................................. 3)

Where 1/n is adsorption intensity. In this case, the plot of log C. vs log g is
employed to generate the intercept value of K¢ and the slope of 1/ n.

Modeling of adsorption kinetics

The rate of chromium metal ion adsorption is analyzed by first- and second-order
kinetics.

Pseudo-first-order kinetic model

Equation (6) below is the pseudo first order rate equation of the adsorption kinetics
(Hossain et al., 2012; Kumar et al., 2014) and equation (7) is in its linear form

(Hossain et al., 2012):

d
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Where k; is the rate constant for the pseudo-first-order Kinetic equation, g. and g,
are concentrations of solute adsorbed per unit mass of adsorbent at equilibrium and

at any time t, respectively.
Pseudo-second-order kinetic model

The pseudo-second-order rate equation is presented in equation (8) below as
(Kumar et al., 2014) and equation (9) is its linear form expression:

d
A (e = G0)% e (B)

dt
t 1 t
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Where k, (g/mg.min) is the rate constant for the pseudo-second-order Kinetic
equation, g, and ¢; are concentration of solute adsorbed per unit adsorbent at
equilibrium and at time t, respectively. The values of k, and g, were estimated from
the slope and intercept of the linear plots of t/q;, versus t.

Batch desorption

Desorption experiments were conducted after optimum conditions of adsorption.
Cr(VI) solution at a concentration of 100 mg/l, pH 2.03, and 2.49 g/L of the
adsorbent dose was agitated for 90 minutes using an orbital shaker at room
temperature. After 90 minutes, the solution was filtered using Whatman filter paper,
and the residual and adsorbed concentrations of Cr(VI) were determined. A loaded
adsorbent with Cr(VI) ions was oven-dried before desorption. Then, the dried
adsorbent with Cr(VI) was added to 100 ml NaOH solution (0.5 M) and agitated at
120 rpm for 90 minutes (Hossain et al., 2012; Mandina et al., 2013). This procedure
was triplicated and, after each adsorption-desorption cycle, Cr(VI1) recovery was
evaluated by the equation (10) (Gorzin and Abadi 2018):

Metal recovery (R) - Amount of metal ion desorbed*

Amount of metal ion adsorbed

RESULTS AND DISCUSSION
Characterization of the biosorbent

Proximate analysis

The proximate composition of orange peel was determined to analyze its
physicochemical characteristics (Table 1). The moisture content of the adsorbent
affects the weight of the activated bio-sorbent, and lowering the moisture content
improves adsorption efficiency because water vapor competes in the adsorption
process and fills the adsorption sites within the pores reducing the adsorption
efficiency of metal uptake (Zhou et al., 2001).

High moisture and ash contents block the active sites of the adsorbent and inhibit
surface area development (Adebayo et al., 2016; Pakade et al., 2016). High ash
content is undesirable for activated carbon since it reduces the mechanical strength
of carbon and affects its adsorptive capacity (Ashtaputrey and Ashtaputrey, 2016).
Ash content does not contribute to the development of porosity; it creates inactive
sites (Martinez-Mendoza et al., 2020).

The volatile matter was 35.45+ 0.44%, which is in close agreement with the
previous study of 34.48% (Temesgen et al., 2018) and lower than Yadav et al.
(2021). Volatile matter and fixed carbon content are indicators of both
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carbonization degree and porosity development. During the carbonization stage, the
porosity of char forms through the release of volatile matter (Martinez-Mendoza et
al., 2020). The carbon content of the orange peel powder was 54.42%, higher than
the value of Yadav et al., (2021).

Table 1. Moisture and ash content of adsorbent.

Moisture content Ash content

Previous Source Previous Source

studies* studies

3.5% (Temesgen et al., 2018) 4.0% (Temesgen et al., 2018)

3.2+0.12 (M’hiri et al., 2015) 5.0-6.0%  (Pathak et al., 2017)

10.320.01  (Adewole et al., 2014) 7.1 (Ashtaputrey and
Ashtaputrey, 2016)

9.5+0.05 (Zaker et al., 2016) 14.440.35 (Zaker et al., 2016)

4.75 (Ashtaputrey and 3.2+0.03  (M’hiri et al., 2015)

Ashtaputrey, 2016)
7.41 (Pathak et al., 2017) 55+0.02 (Adewole et al., 2014)
This study: 4.72+0.13% This study: 5.5+0.05%

PH of point of zero charge (pHpc)

The point of zero charge (Pzc) for the orange peel adsorbent was 4.65 (Figure 1),
acidic and a little higher than the previous study, which was 4.55 (Temesgen et al.,
2018). If the pH of the solution is below the point of zero charge (pH < pHpzc), the
surface of the adsorbent will become positively charged and attract negative ions.
The highly protonated orange peel adsorbent surface electrostatically attracts oxy-
anions (CrO,*, Cr,0; %, etc.) (Gorzin and Abadi, 2018). So, dichromate ion
(Cr,05%) is adsorbed better on the surface of the adsorbent (Temesgen et al., 2018).
If the pH of the solution is above the point of zero charge (i.e., pH >pHpzc), the
surface of the adsorbent will become negatively charged and adsorption of cations
is favored (Temesgen et al., 2018).

FT-IR analysis of bio-sorbent

As shown in Figure 2, the FT-IR spectrum of raw orange peel (dried & ground, but
not carbonized and activated) shows strong hydroxyl groups (O-H) bonded with
weak hydrocarbon (C-H) bonded stretching groups between 3600-2800 cm™
(Nnemeka et al., 2016). The broad peak at 3420 cm™ indicates O-H stretching
vibrations in cellulose, pectin, hemicellulose, and lignin components within the
orange peel adsorbent. Alcohols and phenols within the adsorbent also have O-H
stretch and H-bonded stretching groups, which can adsorb Cr(VI) (Murugesan et
al., 2013).
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Figure 1. Point of zero charge of orange peel adsorbent

The most concentrated band in the high-energy region is due to large OH groups in
the carbohydrates and the lignin of the adsorbent (Boumediene et al., 2015).
Hydroxyl functional groups with the alcohol groups have a high affinity towards
pollutants and heavy metals (Lazim et al., 2015). The band range between 2925 and
2927 cm™ is due to C-H stretching vibration. The peak at 2918 cm™ is due to C-H
stretching vibrations of the methyl, methylene, and methoxy groups (Boumediene et
al., 2015). The peak at 1744 cm™ is the stretching vibration due to non-ionic
carboxyl groups -COOH,-COOM, M= Na", K*, Mg* and Ca* (Rozi¢ et al., 2014).
The picks within 1430-1440 cm™ are due to aliphatic chains (-CH, and —CH3) or
possibly methoxyl groups (O-CHs) on which lignocellulosic materials are based
(Boumediene et al., 2015). The peaks from 1200-1400 cm™ are due to symmetric
stretching of -COO- of pectin (Murugesan et al., 2013). As shown in Figure 2, after
carbonization, the HCl-treated orange peel powder shows broader picks of OH
functional groups, the intensity increases due to demethylation of methoxy groups
(O-CHa3) where CHjs is replaced by the hydrogen atom and generate new OH groups
(Bykov, 2008) indicating that impregnation with HCI leads to an increase in the
protonation of the adsorbent surfaces.

Morphology of adsorbent

Figure 3 shows Scanning Electron Microscope (SEM) images for raw and activated
orange peel powder. In these images, the morphological structures were shown for
the raw and treated adsorbent via carbonization followed by activation.
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Figure 2. FT-IR spectroscopy analysis of raw and activated orange peel powder

The SEM micrographs in Figures 3a-c showed different morphologies of the raw
and treated adsorbents and the presence of pores of different sizes and shapes. The
raw orange peel powder (Figure 3a) shows a large and thick particle size and
irregular shape with smooth walls having a small number of porosities. It is due to
several viscous compounds, such as lignin and pectin, which occupy the pores of
cellulose fibers (Abdel-Halim and Al-Deyab, 2012). The smooth surface indicates
the presence of hydrophobic fatty and protein structures on the surface of raw
orange peel powder. For activated orange peel powder (Figure 3b), the surface is
highly mesoporous and irregular, which creates significant porosities for bio-
sorption, with diameters in the micrometer range (Yadav et al., 2021). The pores are
caused by evaporation of HCI during carbonization process.

Specific surface area

From the BET (NOVA4000e) analysis, for raw orange peel adsorbent, the specific
surface area, pore volume, and pore diameter were obtained as 287.804 m2/g, 0.285
cclg, and 34.312 A, respectively. Similarly, for activated orange peel adsorbent,
these values were 473.77 m2/g, 0.295 cc/g, and 34.32 A, respectively. The surface
area of activated orange peel adsorbent is larger than raw orange peel adsorbent and
much larger than the previous studies (Murugesan et al., 2013; Lazim et al., 2015;
Temesgen et al., 2018). This is because carbonization followed by activation
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perfectly removes unnecessary components of orange peel adsorbents and increases
the carbon surface.

Figure 3. Morphology of orange peel: (a) raw orange peel; (b) activated orange peel.
Effect of individual process variables on Cr(VI) removal

Effect of pH

The pH of the solution is the most important process variable that significantly
influences the intensity of the adsorption of Cr(VI) on a biosorbent due to the type
and ionic state of the functional groups on the adsorbent surface and the chemistry
of chrome in the solution (EI Nemr, 2007; EI Nemr, 2009). The experimental results
(Figure 4a) showed that the maximum percentage removal of Cr(VI) by the orange
peel adsorbent was at pH 2, which is below the point of zero charge. The favorable
percentage removal of chromium (V1) ions on the adsorbent surface around this pH
is due to the large concentration of H* ions neutralizing negatively charged
hydroxyl groups (OH") on the adsorbent surface, thereby reducing the hindrance to
the diffusion of dichromate ions (Jisha et al., 2017). The protonation intensity on
the adsorbent surface decreases as solution pH increases resulting in a decrease in
adsorption of Cr(VI) ions. At pH higher than the point of zero charge (pHpzc), the
percentage removal of Cr(V1) decreases with an increase of pH due to the negative
charges of the adsorbent surface causing a repulsive force with oxy-anions of
chromium (Selvaraj et al., 2003). At higher pH values, the reduction in adsorption
is due to the abundance of OH™ ions and dual competition of both anions (CrO,*
and OH") to the surface of the adsorbent, of which OH™ predominates (Attia et al.,
2010; Jisha et al., 2017). Therefore, above the point of zero charge of the adsorbent,
the percentage removal begins to fall rapidly with an increase in pH. Some
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experimental trials were performed at pH values below 2 as the maximum
adsorption was at the minimum pH selected for the experiments. From these
experiments, at very acidic conditions below pH 2, adsorption efficiency was
minimum (the inset figure in Figure 4a) because, at this region, dominant chromium
ion (HCrO,) and high concentration of H* react to form chromic acid (H,CrO,)
which reduces the adsorption of chrome (VI) on the adsorbent surface (Tejada-
Tover et al., 2018). As the pH of the solution reaches 2, the removal efficiency was
maximum due to the highly protonated adsorbent surface enabling strong
electrostatic force of attraction between the predominant species of oxy-ions
(CrO.%, Cr,0;%, etc.) and positively charged adsorbent surface (Gorzin and Abadi,
2018). In this study, the experimental data showed that the pH value of 2 gives
maximum removal efficiency of Cr(VI), and it is taken as an optimum value for the
other Cr(V1) adsorption experiments.

Effect of adsorbent dosage

Adsorbent dosage was selected as another main adsorption factor that determines
the removal efficiency, adsorption capacity, and feasibility of the treatment process.
Experimental results in Figure 4b illustrate that the percentage of Cr(VI) removal
was increased from 76.16 to 94.74% when the adsorbent dosage increased from 1.5
to 2.5 g/L and maximum adsorption efficiency was recorded at a dosage of 2.5 g/L.
This is because, at higher dosages of adsorbent, the active sites and surface area of
adsorbent available for Cr(VI) ions adsorption increased (Jisha et al., 2017). In
contrast, when adsorbent dosage increased beyond the optimum value, the Cr(\VI)
removal efficiency and adsorption capacity were decreased due to more active sites
of the adsorbent that remained unsaturated during the Cr(VI) adsorption process
(Radnia et al., 2012). In Figure 4b, a significant increase in removal efficiency was
observed as dosage increases from 1.5 g/L to 2 g/L. However, when increasing
dosage further, a significant increment in adsorption efficiency is not observed and
the slope of the adsorption curve remains almost constant. Some adsorption
experiments were performed at an adsorbent dosage higher than 2.5 g/L for
confirmation, and the results showed that removal efficiency decreased due to
effective surface area reduction and adsorbent aggregation (inset figure in Figure
4b) (Tejada-Tover et al., 2018). It has also been reported that the decrease in
removal efficiency when dosage increases were due to overlapping or aggregation
of the adsorbent surface area available to Cr(VI) ions and an increase in diffusion
path length of adsorbate (G6nen and Serin, 2012).
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Figure 4. Effect of process variables on Cr(V1) removal efficiency by orange peel
adsorbent. (a) Effect of pH. The inset figure indicates the adsorption experiment
results for pH values lower than 2; (b) Effect of adsorbent dosage. The inset figure
presents adsorption results for dosage higher than 2.5¢/L; (c) Effect of contact time.
The inset figure is the trial adsorption results at longer adsorption time, beyond the
experimental range selected.
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Effect of contact time

In this study, the effect of contact time on Cr(VI) removal efficiency was
investigated. Figure 4c illustrates that chrome (VI) removal efficiency increases
with adsorption time. It is due to the unsaturation of adsorption sites and the
availability of more adsorption surface area of adsorbent (Badessa et al., 2020).
Therefore, the concentration gradient enables the diffusion of Cr(VI) ions into the
pores of the adsorbent (Kumar et al., 2008). In this study, as time increases,
adsorption efficiency also increases smoothly, and this also suggests that sufficient
contact time between adsorbent and adsorbate enables better adsorption efficiency.
However, a very long contact time between adsorbent and adsorbate, above 69
minutes in this case, slows down the adsorption process as the active binding sites
are filled by the Cr(VI) ions reducing removal efficiency (Badessa et al., 2020).
Figure 4c shows a progressive adsorption process after 60 minutes, and rate of
chrome removal slows down; this is due to the commencement of saturation of
active sites (inset figure in Figure 4c).

Process optimization of Chromium (VI) removal

In this section, the interaction effects of process variables on Chromium (VI)
removal by activated orange peel adsorbent were analyzed through three
dimensional plots as shown in Figure 5, where the interaction effects of pH-dosage,
pH-time, and dosage-time have been presented. The primary purpose of
optimization is to determine the optimum values of parameters to maximize the
response variable (chrome removal). The 3D plots show the combined effects
between two reaction parameters, keeping the third variable constant at its center.
From figure 5, it can be noted that the removal efficiency of Cr(VI) is sensitive to
the interaction effects of all process variables. All process variables along with their
interaction were significant under the specified conditions indicating that all the
interaction effects are significant. The interaction effects of pH-dosage (Figure 5a)
and pH-time (Figure 5b) show that the removal efficiency decreases after the
intersection point; this is due to the decrease of removal efficiency as the pH
increases from 2 to 8. At minimum value of pH, the removal efficiency increased
when increasing of dosage from 1.5 to 2.5 g/L. On the other hand, the removal
efficiency is minimum when the pH value was increased from 2 to 8 at the
minimum dosage level. Figure 5b illustrates that contact time favors Cr(VI)
removal efficiency more significantly than the pH of the solution. When the pH was
decreased from 8 to 2, the corresponding removal efficiency was increased from
81.88 t0 90.12%.
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Figure 5. 3D surface plots of: (a) pH and Dosage interaction; (b) pH and contact
time; (c) Dosage and Time interaction

The interaction effects of dosage and time indicate synergetic effect on removal
efficiency (Figure 5c). The removal efficiency rapidly increased after their
intersection point and maximum efficiency (94.74%) was achieved at their optimum
levels (pH of 2, contact time of 90 min, and dosage of 2.49 g/L). Further increase of
the values of the factors will have adverse effects on adsorption efficiency. For
example, when the dosage is increased above optimum level, the active sites
available on the surface of adsorbent remain unsaturated and no further diffusion of
adsorbate onto the adsorbent will take place. This reduces the effective surface area
that could be used for adsorption of the pollutant. Furthermore, aggregation of
adsorbents may occur and the diffusion path length of chrome ions to the surface of
the adsorbent increases at higher concentrations of adsorbent particles. Similarly,
longer exposure of adsorbent to the adsorbate decreases the adsorption efficiency
due to saturation of active sites of adsorbent, and desorption begins because of
weakly bonded adsorbate on the adsorbent surfaces. Hence, optimum solution pH
(i.e., 2), optimum adsorbent dosage (i.e., 2.5 g/L), and optimum contact time (i.e.,
90 minutes) provide feasible and economical adsorption process of chromium (VI)
from contaminated aqueous solution.

Patifio-Saldivar et al. (2021) analyzed the effect of pH on Chrome removal using
orange peel adsorbent treated with water and reported that the maximum adsorption
capacity is 53.15 mg/g at pH 2.72. Shadreck et al. (2013) investigated the effects of
pH, contact time, adsorbent dose, and initial metal ion concentration for removal of
Cr(VI1) using orange peel treated with sodium hydroxide and found maximum
adsorption capacities of 97.07 and 139.0 mg/g for raw and modified orange peels,
respectively, at pH 2.0, adsorbent dosage of 4.0 mg/L, and contact time of 180
minutes. Similarly, Jisha et al. (2017) analyzed the effects of same factors and
found that maximum Cr(VI) removal was achieved at an agitation time of 150 min,
pH of 2, and initial concentration of 10 mg/I.
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Adsorption isotherm

The model parameters in Table 2 show that Langmuir isotherm (Figure 6a) fitted
the experimental data better than the Freundlich (Figure 6b), which illustrates
orange peel adsorbent has a homogeneous surface and identical active sites
(Volesky, 2001). The separation factor (SF), 0< SF<1, and adsorption capacity
show favorable adsorption process fitting better with the Langmuir adsorption
model (Ayawei et al., 2015a). Therefore, the adsorption process involves
homogeneous distribution of Cr(VI) ions on active sites of the adsorbent surface
through the pores of the adsorbent and the process fits well with the Langmuir
adsorption isotherm (Volesky, 2001).

Table 2. Langmuir and Freundlich isotherm constant for Cr(V1) adsorption.

Langmuir  Constant Symbol  Value Standard error
model Intercept b 0.3469 0.3616
Adsorption capacity Qm 5.0800 0.0271
Correlation coefficient R? 0.7300 -
Energy of adsorption Kl 0.5670 -
Separation factor SF 0.0800 -
Intercept Log kf 0.5625 0.1080
Freundlich Kf 3.6520 0.1080
model Adsorption intensity N 6.0800 0.0997
Correlation coefficient R 0.0800 -

oso1 (b)

" logge
Linear Fit of logqe

Figure 6. (a) Langmuir isotherm plot; (b) Freundlich isotherm plot
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Adsorption kinetics

The study of adsorption kinetics provides an understanding of the adsorption rate.
In order to determine the adsorption kinetics of Cr(VI) ion by orange peel
adsorbent, pseudo-first-order (Figure 7a) and pseudo-second-order (Figure 7b)
kinetic models were analyzed to fit the experimental data generated from the
adsorption process. Therefore, in order to select the kinetic model which fits better,
the two models were compared in terms of their R? and adsorption capacity values.
Pseudo-second-order kinetic model (R? = 0.99) shows a better correlation of
experimental data, and this kinetic model is appropriate for modeling Cr(VI)
adsorption onto orange peel adsorbent (Figure 7b). Pseudo-second-order kinetic
model implies a chemisorption mechanism (Jisha et al., 2017). In this metal ion
adsorption process, chemisorption is a more favorable process compared to physio-
sorption, and the adsorption process is controlled by the chemisorption mechanism
(Jisha et al., 2017).

(a) 1s ¥=-0.009x + 16787 20 (b)

R = 0.9641 + t/gt

Linear (t/qt)

y=0.1524x + 64415

In{qe-qt) 08 _ 104 R? = 0.9944
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Figure 7. (a)Pseudo- first - order kinetics model; (b) Pseudo- second- order kinetics model.
Desorption and regeneration of biosorbents

After conducting an adsorption experiment, the orange peel adsorbent was desorbed
off from Cr(VI) using a 0.5M NaOH desorbing agent. Desorption results showed
that the maximum Cr(VI1) ions were removed from the surface of the adsorbent, and
the adsorbent was regenerated for another adsorption process. When successively
using the regenerated adsorbent for adsorption, there was a minor variation in
adsorption efficiency with the original adsorbent. This variation may be due to the
mass loss of the adsorbent when used repeatedly, the minute Cr(VI) ion remaining
on the active site of the adsorbent, or due to some structural damage of the
adsorbent.

In Table 3, two activated orange adsorbent samples, each 2.49 g which was the
optimum value by design expert software, were used to run the adsorption-
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desorption experiment. The second column in Table 3 was the absorbance of
activated adsorbent for samples 1 & 2 with triplication. Column three indicates the
remaining chromium concentration in the filtrate, and column four the amount of
chromium loaded on the surface of the adsorbent, which is an initial concentration
for the desorption study. After desorption using 0.5 M NaOH, it gives high
desorption absorbance (column 6), implying that a high concentration of chromium
is desorbed from the loaded adsorbent (column?), and the adsorbent was
regenerated (chromium-free). When using the regenerated adsorbent, the
absorbance increased for samples 1 (from 0.22 to 0.296) and 2 (from 0.194 to
0.225). It could be related to the mass loss of the adsorbent and some remaining
Cr(V1) on the active site of the adsorbent.

Table 3. Batch adsorption and desorption result

No Adsorption Desorption R*
0,
?Zn Absorbance  Remain Adsorbed Initial Absorbance Desorbed (%)
Ce(ppm) _ Ce (ppm) Co(ppm) Ce(ppm)

1 0.220 7.33 92.67 92.67 2.55 85.13 91.87
0.258 8.60 91.40 91.47 247 82.20 89.93
0.296 9.87 90.13 90.13 2.59 86.37 95.82

2 0.194 6.47 93.53 93.50 2.63 87.67 93.73
0.224 7.46 92.54 92.54 2.70 90.03 97.29
0.225 7.50 92.50 92.50 2.75 91.77 99.21

*R(%) is the percentage metal recovery.

Table 3 shows that maximum metal recovery was achieved from the desorption
confirming the weakly bonded interaction between activated orange peel adsorbent
and hexavalent chromium (adsorbate), the adsorption process is reversible with
pseudo-second-order, and monolayer adsorption is easier to desorb the adsorbent.
Re-using these bio-sorbents several times without damaging the active surface
makes the treatment process feasible and protects the environment from pollution.

Treatment of real tannery wastewater effluent

In this research work, we addressed the adsorption efficiency of activated orange
peel on actual tannery wastewater effluent. Almost all the experimental research
works related to removal of heavy metals from wastewater are conducted by
preparing stock solution using the metallic reagent. More specifically, experiments
on removal of chromium (VI) are performed by preparing stock solution from
potassium dichromate reagent. In this work, after investigating the adsorption
potential of orange peel (Citrus cinensis) adsorbent using stock solution,
experiments were also conducted on real tannery wastewater effluents from Bahir
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Dar tannery and leather processing industry. The experiments on real tannery
effluent were conducted at the optimum values of process variables (adsorbent
dosage of 2.5 g/L, pH of 2, and contact time of 90 min) obtained from stock
solution adsorption. Table 4 below indicates raw orange, activated orange, and
commercial activated carbon adsorbents removal efficiencies on artificial
wastewater (stock solution) and actual tannery wastewater effluents. It can be noted
that the adsorption efficiency of activated orange is significantly higher than raw
orange adsorbent (i.e., Raw orange < Activated orange < commercial activated
carbon) on both stock and real tannery effluents. Furthermore, chromium (V1) was
adsorbed better on stock solution than real effluents because of the presence of
other competitors with chromium in the effluent and due to their scavenging effects
in real tannery wastewater. Further study is needed on the improving of the
adsorption efficiency of biosorbents for reamoval of heavy metals from real tannery
wastewater and develop feasible treatment technology.

Table 4. Comparison of Cr(VI) removal efficiencies of raw orange, activated orange, and
activated carbon adsorbents

Adsorbent Solution Dose pH Time Initial Final Efficiency

type (ml) (9 (min) ~ Cr(Vl)  (ppm) (%)
(ppm)

Raw orange Stock 2.49 2.03 90.00 100.00 26.78 73.20
Raw 2.49 2.03 90.00 46.71 3227  30.92
tannery
effluent

Activated Stock 2.49 2.03 90.00 100.00 5.26 94.74

orange Raw 2.49 2.03 90.00 46.71 13.10 7241
tannery
effluent

Activated Raw 2.49 2.03 90.00 46.71 5.34 88.56

carbon tannery
effluent

CONCLUSION

In this study, the chemical modification of orange peel with HCI resulted in
significant increase in the removal efficiency of Cr(VI). FT-IR and SEM analysis of
activated orange peel adsorbent showed different functional groups and surface
morphology, respectively. The efficiency of the adsorption process was strongly
dependent on the pH, adsorbent dosage, and contact time. The maximum removal
efficiency of Cr(VI) was 94.74% at pH of 2, adsorbent dosage of 2.5 g/L, and
contact time of 90 minutes. The adsorption isotherm equilibrium data were fitted by
Langmuir and Freundlich isotherms, and the Langmuir model shows better
correlation; this indicates that the orange peel adsorbent has homogeneous and
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identical active sites and the adsorption process is a monolayer. Adsorption kinetics
equilibrium data were analyzed using pseudo-first-order kinetics and pseudo-
second-order kinetic models, and the latter shows a better fit; this indicates the
adsorption of Cr(VI) on orange peel adsorbent is a chemisorption mechanism.
Furthermore, regeneration of orange peel adsorbent was conducted, and the
adsorption potential of regenerated adsorbent shows a minor variation with the
original adsorbent. It confirms that the adsorption process is reversible with pseudo-
second-order kinetics and monolayer adsorption, implying that the interaction
between activated orange peel adsorbent and Cr(VI) is weak. The bio-sorbents can
be used several times making the treatment process feasible and protecting the
environment from pollution. The adsorption experiments on real tannery wastes
gave promising results and further research works are needed to improve the
chrome removal efficiency.
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