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Column adsorption study for the removal of
chromium and manganese ions from
electroplating wastewater using cashew nutshell
adsorbent

M. D. Yahya?, A. S. Aliyu?, K. S. Obayomi?’, A. G. Olugbenga® and U. B. Abdullahi®

Abstract: The aim of this study is to evaluate the potential of cashew nutshell
activated with H,SO, as adsorbent for the removal of Cr and Mn (II) ions from
wastewater. In this study, cashew nutshell (CNS) adsorbent was prepared using
shells of cashew nut (Anacardium occidentale) by chemical activation. Cashew
nutshells were crushed for size reduction and the resulting crushed shells were
immersed in 1.0 mol L™ H,S0,, at a rate of 1:10 (m/v) with a constant stirring at 60°
C for 4 h. Proximate analysis was carried out according to standard analytical
methods and determination of pH, bulk density, and iodine number was conducted.
The morphology and functional groups present were investigated by Scanning
Electron Microscopy (SEM) and Fourier Transform Infrared (FT-IR) spectroscopy. The
surface area, pore volume, and pore size distribution were also characterized by N,
adsorption at 77 K using BET. Continuous adsorption study in a fixed-bed column
was carried out by using CNS as an adsorbent for the removal of chromium and
manganese ions from electroplating wastewater. The effect of flow rate, influent

ABOUT THE AUTHOR

Muibat Diekola Yahya is a PhD holder in
Chemical Engineering and lectures at the
Federal University of Technology, Minna, Nigeria.
Her area of specialization is in waste manage-
ment, environmental engineering, pollution and
control. The indiscriminate release of toxic
compounds in the form of heavy metals, con-
taminants and pollutants from small, medium
scale enterprise has been a major challenge in
developing nation and had spurred continuous
research in waste managements. Agricultural
wastes such as shea butter husk/cake, almond
husk, kola nuts pods, maize tassel, cashew nuts
shell, melon husk, to mention a few are among
successful biomaterials that have been used for
the decontaminations of wastewater. The appli-
cation of column adsorption process at optimum
conditions will reduce the heavy metals below
threshold levels before their disposal to the
water bodies. This will remediate the environ-
ment and increase in job opportunity and rev-
enue generation to the cashew processing
company.

PUBLIC INTEREST STATEMENT

Water contamination has been a major concern
in developing countries through industrial activ-
ities from small and medium scale enterprises.
Their technological processes generate a lot of
wastewater which are discharged without treat-
ment into the waterbodies and soil.
Consequences of this are severe health chal-
lenges to human such as blindness in children,
kidney failure, cancer, lungs related diseases,
mutation, and even death. Aquatic habitats are
also not left out. Bio-accumulation of heavy
metals in the bodies of aquatic animals can be
transferred to human through consumption.
Cashew nutshell is an agricultural waste gener-
ated from cashew nuts processing plants.
Recently, Nigeria witnessed increased demand of
cashew from international market. The rinds of
the cashew nuts collected from the boiler during
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vation of cashew nutshell adsorbed chromium
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concentration, and bed depth were investigated on the adsorption characteristics of
the CNS adsorbent. Three dynamic model Clark, Yoon-Nelson, and Adams-Bohart
were applied using the experimental data to predict the breakthrough curves using
linear regression to determine the characteristic parameters of the column that are
useful for process design. Significant values in the moisture, ash content, volatile
matter, iodine number, and zero-point of charge were obtained on the adsorbent
and compared to literature. SEM images revealed irregular pore structure before
adsorption and pores of the CNS adsorbent were filled with chromium and man-
ganese ions after adsorption. The FT-IR adsorption bands observed in the CNS
sample confirmed the presence of hydroxyl (-OH), carbonyl, and carboxylic (-COOH)
groups involved in sorption of chromium and manganese ions onto surface of CNS
adsorbent. The result showed highest BET specific surface area of the adsorbent
sample obtained as 608.2 m?/g, pore volume and diameter of 0.2209 cm?3/g and
2.116 nm, respectively. The column parameters calculated showed the effective-
ness of the column at a flow rate of 5.0 ml/min, bed height of 10 cm and concen-
tration of 20.3 mg/l Mn ion and 21.05 mg/l Cr ion. The percentage removal of Cr ions
was 56.40% at an adsorption capacity of 10.79 mg/g and the percentage removal of
Mn (II) ions was 53.09%, at an adsorption capacity of 9.82 mg/g. The Yoon-Nelson
and Clark models were found suitable for the description of the breakthrough curve.
Results reveal that quality cashew nutshell (CNS) adsorbent can be produced from
Cashew nutshell thereby serving as an alternative to commercial adsorbent for
heavy metal removal from wastewater.

Subjects: Agriculture & Environmental Sciences; Toxicology; Chemical Engineering

Keywords: cashew; nutshell; chromium; manganese; column; adsorption; wastewater

1. Introduction

The importance of water to the survival of the human race and aquatic life is vast. This is because
it is a resource for sustaining the ecosystem, providing life-supporting services to people, animals,
and plants. However, the discharge of heavy metals into aquatic ecosystems has become a matter
of concern in Nigeria over the last few decades. Various reports indicate that water contamination
can bring about low profitability, poor living conditions, and even death of living things (Garba et
al., 2010). These pollutants are introduced into the aquatic systems significantly as a result of
various industrial operations in the form of petroleum refining waste, mining waste, refining ores,
sludge disposal, processing of radioactive materials, metal plating, or manufacturing of electrical
equipment, paints, alloys, batteries, and pesticides or wood preservatives, among others (Ekubo &
Abowei, 2011; Obayomi & Auta, 2019a).

Heavy metals such as lead, chromium, mercury, manganese, zinc, arsenic, cadmium, gold, silver,
copper, and nickel are harmful to human health and other living organisms (Fu & Wang, 2011;
Naser, 2013). A high concentration of chromium, for example, is released into the environment
from metal ceramics, metal plating, stainless steel, chemicals, and tanning industries which is
harmful to human health (Adeleken & Abegunde, 2011). Chromium has two main oxidation states:
Cr (III) and Cr (VI) ions. Chromium (III) serves as an essential nutrient in balanced diet for both
humans and animals. Its deficiency causes disturbance to the glucose and lipid metabolism in
humans. However, chromium (VI) form is known to be toxic, non-biodegradable and carcinogenic
(Devendra et al,, 2017). It is highly mobile and soluble in water capable of causing skin allergy,
stomach upset and ulcer, respiratory issues, immune system damage, kidney and liver diseases,
lung cancer, and sometimes even death (Zhong et al., 2016).
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Manganese is an essential metal ion for normal physiological functioning of human beings and
animals. Exposure to low levels in the diet is nutritionally beneficial to healthy human life;
however, chronic exposure to higher doses is detrimental to human health. It is toxic and its
toxicity varies with route of exposure, chemical species, age, sex, and animal species (Kohl &
Medlar, 2007). Syndrome called “manganism” result from chronic exposure to higher dosage and it
is characterized by weakness, tremors, a mask-like face, and psychological disturbance among
other symptoms (Dandang et al., 2017).

Some of the conventional technologies currently in use for adsorbing heavy metals from
electroplating wastewater include; chemical precipitation/neutralization, ion exchange, extraction,
membrane processes, evaporation, and adsorption. Their limitations have motivated the search for
more efficient and cleaner technologies to overcome the ever-increasing threat to future water
security. The search for new technologies involving the removal of toxic metals from wastewaters
has directed attention to adsorption based on its cost and regenerating ability (Liang et al., 2010;
Obayomi et al., 2020).

Adsorption is the most efficient and effective method, which has been used to adsorb heavy
metals from wastewater especially when using commercial activated carbon (Jang et al., 2008;
Obayomi et al,, 2019). It is widely applied due to its simplicity, cost-effectiveness, and environ-
mental friendliness (Karami, 2013). Adsorbent produced from activated carbon is often efficient
because it has high porosity properties and high surface area, which makes it useful in batch and
continuous mode operation. However, fast depletion of the sources of commercial activated
carbon made the production of its raw material expensive and in addition, its regeneration
produces additional effluents, resulting in considerable loss of the adsorbents (Zhao et al., 2011).
Batch adsorption study has been used in previous studies for the removal of pollutants from
wastewater using the cashew nutshell (Coelho et al., 2014; Kumar et al., 2012). Results indicated
that it is a promising adsorbent for the substitution of activated carbon. Fewer studies are,
however, available for its utilization for commercial treatment of large volumes of wastewater.
The novelty of this study is in the use of the column adsorption technology. In addition, a nutshell
makes 20% of the cashew nut and, according to data by FAO (2013), world production capacity of
cashew is 4.28 million tons, which invariably gives yearly production of the nutshells at approxi-
mately 856 thousand tonnes (Coelho et al., 2014). The environmental pollution generated by the
high demands of cashew kernel, its liquid and oil has beamed searchlight for the setting up of
small and medium enterprises that now engage in the manufacturing process.

Thus, the use of natural adsorbents can represent an excellent alternative, providing the same
efficiency that activated carbon can give with lower costs. Adsorbents can be considered to be
cheap or low-cost if it is abundant in nature, requires little processing, and is a by-product of
industrial waste. Various waste materials, industrial by-products, agricultural wastes, and other
natural waste materials are cheap and available in nature (Chu et al,, 2015).

Mostly, agricultural wastes are used as bio-sorbents for wastewater treatment, because they are
very efficient and promising in the bio-sorption technique. There are generally three types based
on the sources: (i) non-living biomass, such as bark, lignin, shrimp, krill, squid, and crab shell; (ii)
algal biomass; (iii) microbial biomass, such as algae, bacteria, fungi, and yeast. Agricultural wastes
such as potato peel, sawdust, sugarcane beet (Yao et al., 2011), mango peel, corn cob, rice husk,
tree fern, wheat bran, grape bagasse, coconut copra meal, orange waste, walnut, hazelnut,
almond shell (Atmani et al., 2009), tea waste, sugarcane bagasse, peanut shell, tamarind seeds,
cashew nutshell (Kumar et al., 2010), sunflower stalk and black gram husk (Feng et al., 2010;
Hossain et al., 2012), in the preparation of bio-sorbents are very promising. Therefore, alternative
materials from agricultural wastes, industrial by-products, and natural substances can provide the
basis for the development of a new approach for heavy metal removal which are suitable for use in
large quantities and have the ability to accumulate large amount of these heavy metals namely,
Cu*?, Ni*?, Cr*®, Pb*?, Mn*2, Cd*? (Coelho et al., 2014; Kumar et al., 2011).
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Cashew nutshell is an agricultural waste, generated from the cashew nut processing industries.
It is not suitable for consumption because of its low nutritional content. It is an abundant
agricultural waste with good stability, wide availability, low cost and high metal sorption uptake
from aqueous solutions and industrial waste effluents (Kumar et al., 2011).

Recently, Nigeria witnessed increased demand of cashew from international communities, which
is attributed to the commercial importance of its main products; cashew nut (kernel), cashew
apple, and cashew nutshell liquid (CNSL) (Azam-Ali & Judge, 2001). The shell is separated from the
kernel by the Testa, which is a thin skin surrounding the kernel. The commercial method of
removing the kernel from the shell was to subject the nuts to very low temperature by pan
roasting causing the shell to become brittle. Thereafter, the nuts were mechanically cut to remove
the kernel from the shell and further processed to obtain the cashew nutshell liquid. The rinds of
the cashew nut (shells of the cashew nuts) are collected from a boiler during the heating and
shelling process. After obtaining the cashew nuts and its oil, the solid wastes are disposed
inappropriately in the soil, causing environmental problems. Studies have shown that simple
chemical activation of the cashew nutshell adsorbent may increase its capacity to adsorb indus-
trial pollutant with little cost. There is a paucity of literature that has reported the efficiency of the
adsorbent to remove pollutants. As such, this agricultural waste will be investigated for its
potential by using a fixed-bed column in treating electroplating wastewater containing chromium
and manganese ions. The use of the column adsorption technology is relevant in the treatment of
wastewater in large quantities. The batch adsorption could only predict behaviours of the adsor-
bent and its removal of heavy metals at micro level. To solve the emergence of CNS wastes from
the cashew manufacturing company, a pilot plant would be desirable for a healthy ecosystem.

2. Materials and methods

2.1. Materials

All the reagents (sulphuric acid, distilled water) used were purchased from a commercial chemical
laboratory and are of analytical grade with percentage purity in the range of 98.0-99.0%. The
agricultural waste used in preparation of the adsorbent is rinds of cashew nutshells (CNS), which
was obtained from the recovery unit of a local processing factory located in Ilorin, Kwara State,
Nigeria.

2.2. Sampling and preparation of adsorbent

The shells of cashew (CNS) were cleaned thoroughly with distilled water to remove earthy impu-
rities, and sun dried for 7 days. The shells were crushed for size reduction using mortar and pestle.
The resulting material was sieved in a standard sieve mesh for particle size between 0.035 and
0.25 mm followed by chemical pre-treatment of the crushed shells. This was carried out by
immersing the crushed shells in 1.0 mol L™ H,S0, at a rate of 1:10 (m/v) with constant stirring
for 4 h at 60°C. Thereafter, the dehydrated cashew nutshell adsorbent was continuously washed
with distilled water in order to remove the excess chemicals. The washing continued until the pH
value of supernatants reaches 7.0. The resulting pre-treated material was dried at 50°C for 6 h to
remove moisture content. The sample was stored as cashew nutshell (CNS) adsorbent prior to use
as bio-sorbent for the column adsorption experiments.

2.3. Characterization of adsorbent materials

The concentration of chromium and manganese ions in the electroplating wastewater was deter-
mined in a chemical laboratory using Atomic Absorption Spectrophotometer (AAS). Proximate
analysis such as bulk density, moisture content, ash content, volatile matter, and fixed carbon
content were determined by applying standards analytical procedures. The adsorbent (CNS) pre-
pared was characterized using the Fourier transform infrared spectroscopy (FTIR) for its functional
group identification, scanning electron microscope (SEM) for its surface morphology and, determi-
nation of its surface area and pore volume analysis by Brunauer-Emmett-Teller (BET).
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2.4. Fixed-bed column adsorption experiment

Column adsorption experiments were carried out in a glass column of 1.6 cm internal diameter
and height of 30 cm. Each bed of the adsorbent was underlain by 0.5 mm of glass wool and 2 cm
of sandstones. The essence of the glass wool and sandstones is to improve the flow distribution
and prevent loss of adsorbent. The column was parked to a height of 4 cm, 8 cm, and 10 cm with
known weight of CNS adsorbent on layer of glass wool placed at the bottom of the column. Metal
ion solution having an initial concentration of Cr ions (21.05 mg/l) and Mn (II) (20.36 mg/l) at pH
(2.0) was pumped through the column at a desired varying flow rate. Metal ions solution was
collected from the exit of the column at different time interval of 2 h (120 min) for residual metal
ions concentration and was analyzed using an atomic absorption spectrophotometer (AAS).
Experiment continued until the concentration at the outlet of the column almost equals the
concentration at the inlet. All experiment was carried out under room temperature and data
obtained was used to plot the breakthrough curves of residual Cr ions and Mn (II) ions. The
breakthrough curves of bio-sorption will be derived as function of equilibrium time, bed height,
concentration, and flow rate.

The effect of feed flow rate on adsorption was investigated by varying feed flow rate at 5, 7, and
10 ml/min, while maintaining a constant bed height of 8 cm and initial metal ions concentration of
Cr ions and Mn (II) ions (21.05 and 20.36 mg/l), respectively.

In the first stage, the bed height was changed (4.0, 8.0 and 10.0 cm) corresponding to 3.7, 4.9,
and 6.6 g dry weight of CNS, respectively. This is to assess the height required for optimal removal,
while the inlet concentration Cr ions and Mn (II) ions in the feed and the flow rate were held
constants at (21.05 and 20.36 mg/l) and (5.0 ml/min) respectively.

The effect of the inlet concentration on adsorption was studied by varying the inlet concentra-
tion while maintaining a constant adsorbent bed height of 8 cm and feed flow rate of 5.0 ml/min.
The removal efficiency is calculated on the inlet and outlet effluent concentration using
Equation 1.

% removal = <@> x 100 (1)
Cin

where Ci, (mg/l) and Coy: (Mg/l) are the influent and effluent metal ion concentrations, respec-
tively. The adsorbent capacity of the target metal species was determined by the concentration
before and after adsorption using Equation 2.

qe _ tQ(Clnm_ COUt) (2)
where t is treatment time (h), Q is the flow rate (ml/min), m is the total mass of adsorbent in the
column (g).

2.5. Adsorption column performance
The volume of effluent treated, Vs (ml) is calculated using Equation 3.

Veir = Qtiotal (3)

where Q is the volumetric flow rate (ml/min) and tioiq is the total flow time in minutes.

The total adsorbed metal quantity (giotai, Mg) in the column is represented by the area under the
plot of the adsorbed metal ion concentration, which is calculated through numerical integration,
given b Equation 4;

QA Q

t
Qtotal = W = 1000 .[o(co - Ct)dt (4)
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where Q corresponds to the solution flow rate (mL/min), Cy is the influent concentration (mg/L), C;
is the effluent concentration (mg/l) at any time t (min), and A refers to the area under the
breakthrough curve from Cq to Ci(mg min/l) from time O to any time t.

The total metal ion sent to the column mytq in (Mg) can be deduced from Equation 5 (Yahya &
Odigure, 2015).

CO Qttotal

Miotal = 1000 (5)

The percentage removal of the metal ion as given by Equation 7 can be evaluated as the ratio of
mass of metal adsorbed (qiotal) to the total mass of metal ion sent to the column (Myotq)

%R = Jietal 109 6)
Miotal

The total metal uptake at equilibrium, (mg/g), is computed using Equation 7.

_q
Qe—a (7)

where m (g) corresponds to the mass of adsorbent.

2.6. Adsorption mathematical models
The dynamic behavior of the columns was predicted using Clark, Yoon-Nelson and Adams-Bohart
models. The models are important when designing an efficient fixed-bed adsorption system.

3. Results and discussion

3.1. Adsorbent characterization

The initial concentration of the metal ions present in the wastewater (Table 1) was found to be
higher compared to maximum permissible limit set by the World Health Organization (WHO, World
Health Organization, 2015).

Higher bulk densities serve better filterability of the adsorbent as adsorbent with a bulk density of
0.47 g/cm? is adequate to retain substantial amount of liquid when compared to activated carbons with
bulk density of 0.5 g/cm? (Okieimen et al., 2007). Adsorbent prepared by chemical activation exhibited
higher iodine adsorption capacity (492.3 mg/q) indicating improved porosity. The prepared CNS has low
mineral matter content as indicated by the value of ash content (1.15%) which is lower compared to
result of Kumar et al. (2011) who reported ash content value of (2.75%). It can affect adsorbent as it
reduces the overall activity of bio-materials, the lower the ash content the better the overall activity of
the adsorbent. The lower carbon yield could be due to method of preparation applied. The CNS volatile
matter of 71.05% was in close agreement with the ASTM D-3175 standard of 72% when compared.
Therefore, the proximate analysis results obtained shows that CNS can serve as a good adsorbent.

The FTIR analysis illustrated in (Figure 1) shows that before and after adsorption the CNS have a
variety of functional groups, such as hydroxyl, and carboxyl groups, which may be involved in the

Table 1. Initial metal ion concentration and maximum permissible limit

Heavy metals Initial concentration (mg/l) Permissible limit (mg/l)
Ni?* 0.470 0.02
cu® 27.40 1.00
Mn2* 20.36 0.05
cre* 21.05 0.05
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Figure 1. FTIR spectrum of CNS
before adsorption and after
adsorption.

Figure 2. SEM micrograph of
CNS adsorbent before
adsorption.
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potential binding of metal ions onto the adsorbents. The FTIR spectrum of CNS before adsorption
as compared to that of CNS after adsorption is different. There is also a change in the spectrum
observed, which confirms the modification. Based on the result obtained, there was an apparent
shift in transmittance from 3446.01 cm™ to 3446.66 cm™* which correspond to a stretch vibration
of O-H groups indicating physisorbed moisture on the adsorbent surface (Olutoye & Hameed,
2013). High carbonization due to sulphuric acid treatment is also very clear by the decrease in
the intensity of the peak from 2924.37 to 2301.35 cm™* due to the—CH,—stretching vibrations.
The medium peaks 1635.66 cm™! which shifted to 1636.95 cm™ can be attributed to the binding
between Cr ions and Mn (II) ions with C = O bond which confirms the presence of carbonyl groups
(Saka et al., 2012). The conversion of the alcoholic groups into ethers is also clearly evident by the
well-resolved—C-0-C—asymmetric vibrations peaks obtained at 1123.80 and 1036.71 cm™

The surface morphology of the CNS before (Figure 2) metal ion adsorption was observed to have
created irregular pores on the surface of the CNS due to effect of the sulphuric acid solution and
after metal ion adsorption; the CNS surface becomes agglomerated and packed (Figure 3). The
spaces showed no pores, demonstrating that the pores had been filled with Cr®* and Mn?* ions
trapped (Kumar et al., 2011). This also confirms that the sulphuric acid-treated CNS adsorbent has
a more desired surface morphology for metal ion adsorption than the untreated CNS adsorbent.

The presence of C (73.61%), O (23.27%), Al (0.92%), and N (2.2%) peaks on CNS adsorbent before
adsorption were observed and after adsorption CNS loaded with metal ions were shown to have
the following elements; C (41.26%), O (22.29%), Mn (12.59%), Cr (4.13%), Na (1.44%), Al (0.90%),

EHT= 15004V Signal A = SE1 Date 20 Jul 2019 EHT = 15,00 kV. Signal A= SE1 Date :20 Jul 2019 p—
WD = 15.0 mm Photo No. = 1247 Time :41:34:51 — WD= 125 mm Photo No. = 1251 Time :11:49:34
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Figure 3. SEM micrograph of
CNS adsorbent after

adsorption.

Figure 4. EDX spectra of CNS E— AL
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and Pb (10.84%) with additional peaks such as N (2.08%), I (1.68%), S (1.44), F (1.36%) were
observed to be present as shown in Figure 4(a,b).

The test conducted on the CNS adsorbent material showed that the surface area is 608.2 m?/g
and a pore volume of 0.221 cm?/g at a correlation coefficient (R?) of 0.74216. The BET surface area
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Figure 5. Effects of flow rate (a)
for adsorption of Mn ion onto
CNS adsorbent for different
flow rates at bed height of

8.0 cm and concentration of
20.36 mg/l (b) for adsorption of
Cr ion onto CNS adsorbent for
different flow rate at bed
height of 8.0 cm and concen-
tration of 21.05 mg/L.

indicates large number of active sites and this value is high compared to Coelho et al. (2014) who
reported 0.5092 m?/g and 0.00052 cm?/g. According to International Union of Applied Chemistry
(IUPAC), pores are classified into three namely; micropores (<2 nm diameter), mesopores (2-50 nm
diameter), and macropores (>50 nm). The CNS adsorbent prepared exhibited mainly mesopores
with a pore size of 2.116 nm, which makes it suitable for liquid-phase adsorption (wastewater
treatment). The diameter of Chromium and Manganese ions was observed to be 0.256 nm and
0.322 nm. This indicates that Chromium has the highest affinity to be adsorbed onto the pores of
the prepared CNS adsorbent. The adsorption process has been reported to be either surface area or
functional group dependent.

3.2. Effects of flow rate

Figure 5(a,b) depicts the breakthrough curves for adsorption of Mn ion onto CNS adsorbent for
different flow rates at bed height of 8.0 cm and concentration of 20.36 mg/l and breakthrough
curves for adsorption of Cr ion onto CNS adsorbent for different flow rate at bed height of 8.0 cm
and concentration of 21.05 mg/l. The impact of the solution flow rates on the shape and para-
meters of the breakthrough curves were examined in this sub-section. Results showed that the
metal ions uptake onto CNS adsorbent decreases with an increase in flow rate through the
adsorbent bed. The volume of effluent (Vo) treated efficiently also reduces as the flow rate
increases. This occurs due to the decrease in contact time between the metal ions and the sorbent,
which do not allow full saturation of the active sites by the metal ions and eventually leads to
decrease in the amount of metal ions adsorbed (Chen et al.,, 2012). The result indicates that
adsorption of metal ions is strongly dependent on the flow rate. At lower flow rate of 5 ml/min,
the sorption of Mn?* and Cr®" increases “steadily and there is delay in the saturation of the sorbent
(Figures 5 and 6). At higher flow rates, saturation of the bed is easily attained. To attain saturation
at lower flow rate, the contact time must be extended. As the influent flow continues, there is a
gradual saturation of the sites and less effectiveness in the metal ions uptake is reached at a point
where the influent concentration equals effluent concentration, implying that the bed is saturated
(Yahya & Odigure, 2015).

3.3. Effects of bed height

Figure 6(a,b) depicts the breakthrough curves for adsorption of Mn ion onto CNS adsorbent for
different bed height at flow rate of 5.0 ml/min and concentration of 20.36 mg/and breakthrough
curves for adsorption of Cr ion onto CNS adsorbent for different bed height at flow rate of 5.0 ml/
min concentration of 21.05 mg/l. The increase in bed depth leads to increase in the service time to
breakthrough and exhaustion of the sorption column. From Figure 6(a), with increase in bed depth
from 4 cm to 10 cm, the service time at breakthrough increased from 120 min (2 h) to 600 min (10
h), while the service time at exhaustion (saturation) increased from 360 min (6 h) to 1080 min (18
h). The increasing trend in the service time to breakthrough and exhaustion could be explained by
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Figure 6. Effects of bed height
(a) for adsorption of Mn ion
onto CNS adsorbent for differ-
ent bed height at flow rate of
5.0 ml/min and concentration
of 20.36 mg/l (b) for adsorption
of Cr ion onto CNS adsorbent
for different bed height at flow
rate of 5.0 ml/min concentra-
tion of 21.05 mg/l.

Figure 7. Effects of initial metal
ion concentration (a) for
adsorption of Mn (II) ion onto
CNS adsorbent for different
concentration at bed depth of
4 cm and flow rate of 5.0 ml/
min. (b) for adsorption of Cr ion
onto CNS adsorbent for differ-
ent concentration at bed depth
of 4 cm and flow rate of 5.0 ml/
min.
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the fact that as the amount of the CNS adsorbent increases in the column, the bed depth gets
longer and more active sites of the adsorbent are available for the sorption process (Sarma et al,,
2015). As such, longer time is required to get the metal ions fully saturated on the CNS. It is also
observed that both the breakthrough curve and the saturation time increased with increase in bed
height as there exist a large amount of sorbent for the solute to travel before exit from the column.

3.4. Effects of initial metal ion concentration

The study of the effect of the initial metal ion concentration on metal ions removal in Figure 7(a,b)
shows, that there is a decrease in metal ion removal with an increase in its initial metal ion
concentrations. But it is also observed that there is an increase in the adsorption capacity with an
increase in the metal ion concentration. The decrease in the percentage of metal ion removal can
be attributed to the saturation of the available active sites on the adsorbent beyond a certain
initial metal ion concentration. The increase in the adsorption capacity may be due to the higher
adsorption rate and the utilization of all the available active sites for adsorption at a higher initial
metal ion concentration.

3.5. Evaluation of column performance

The total Mn?* fed to the column at a flow rate of 5 ml/min was 122.19 mg, out of which 64.97 mg
was adsorbed as shown in Table 2. At flow rate of 7 ml/min, total Mn®* sent was 153.96 mg and
43.68 mg was absorbed, while at flow rate of 10 ml/min, total Mn?* sent was 195.51 mg and
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Table 2. Column data parameter obtained on sorption characteristics of CNS adsorbent at

varying flow rates

Flow rate tiotal Vess Miotal Qtotal % Qe
(ml/min) (mins) (ml) (mg) (mg) Removal (mg/qg)
Mn(II)ion

5.0 1200 6000 122.19 64.97 53.09 9.82
7.0 1080 7560 153.96 43.68 28.37 6.62
10.0 480 4800 195.51 19.60 10.30 2.96
Crions

5.0 1200 6000 126.32 71.25 56.40 10.79
7.0 1080 7560 159.17 43.96 27.62 6.66
10.0 480 4800 202.12 20.29 10.04 3.07

19.60 mg was adsorbed. The percentage removal of Mn?* at flow rate of 5 ml/min was higher at
53.09% than the percentage removal at 7 ml/min and 10 ml/min, which was 28.37% and 10.30%.
Similarly, total Cr ion sent to the column at a flow rate of 5 ml/min was 126.32 mg out of which
71.25 mg was adsorbed. At a flow rate of 7 ml/min, total Cr®* sent was 159.17 mg out of which
43.96 mg was adsorbed, while at a flow rate of 10 ml/min, total Cr sent was 202.12 mg out of
which 20.29 mg was adsorbed. The percentage removal of Cr at a flow rate of 5 ml/min was much
higher at 56.40% than that at 7 and 10 ml/min, which was 27.60% and 10.04%. The total metal ion
(Myotal) SeNt to the column is a function of the flow rate (Q) and time (t), though the total metal ion
sent are much more at higher flow rate, the amount of metals adsorbed is smaller compared to
the amount adsorbed at lower flow rate as observed by (Yahya & Odigure, 2015). This is because at
higher flow rates, the contact time gets shorter; thus, disallowing the full saturation of the active
sites by the metal ions, leading to a decrease in the amount of metal ions adsorbed (Chen et al.,
2012). The contact time at lower flow rates increased enabling more interaction of metal ions with
the sorbent, allowing inter-particle diffusion to take place. In other words, allowing diffusion of a
larger number of ions into the pores of the sorbent resulting in more metal ion being adsorbed.

The study of the effect of the bed height (adsorbent dosage) on the adsorption of metal ions
shows that the percentage of metal ions removed increases with an increase in the adsorbent
dosage due to an increase in the surface area.

The amount of metal ion adsorbed and percentage removal increases with increase in bed
height as presented in Table 3. For Mn (II) ion adsorption, there is an increase in the amount of Mn
(I1) ion adsorbed from 10.52 to 50.26 mg as the bed depth increase from 4 to 10 cm, while
percentage removal increases from 10.77% at 4.0 cm to 41.13% at 10 cm bed depth. Also, for Cr
ions ion adsorption, the amount adsorbed increased from 11.54 to 59.38 mg as the bed depth
increases from 4 cm to 10 cm, while the percentage removal increases from 11.42% at 4 cm to
47.0% at 10 cm bed depth. The increase is because of increase in the amount of sorbent in the
column, which provided more binding sites for the metal ion.

Results depicted in Table 4, showed that the mass of Mn?* and Cr®* ion adsorbed, giotai(in Mg)
and the percentage removal decreased with increasing influent concentration (C;) of Mn?* and
Cr. For Mn?* adsorption, the amount adsorbed decreases from 26.7 to 11.52 mg as the
concentration increases from 8.0 to 20.3 mg/l, while the percentage removal decreases from
(56%) at 8.0 mg/l to (12%) at 20.4 mg/l. Also, for Cr®" adsorption, the amount adsorbed
decreases from 21.6 mg to 11.9 mg as the concentration increases from 6.6 mg/l to
21.05 mg/l, while the percentage removal decreases from (55%) at 6.6 mg to (12%) at
21.05 mg/l. This could be due to the shorter service time of the column as Mn%* and Cr®*
concentration increases. Most often, percentage metal uptake (qiota) decreases with increasing
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Table 3. Column data parameters obtained on sorption characteristics of CNS adsorbent at

varying bed heights

Bed depth, tiotal Vesr Miotal Qtotal % Qe

L (cm) (mins) (ml) (mg) (mg) Removal (mg/qg)
Mn(II)ion

4.0 960 4800 97.76 10.52 10.77 2.84
8.0 1080 5400 109.97 25.49 25.92 5.81
10.0 1200 6000 122.19 50.26 41.13 7.62
Crions

4.0 960 4800 101.06 11.54 11.42 3.12
8.0 1080 5400 113.69 34.89 30.69 7.12
10.0 1200 6000 126.32 59.38 47.00 8.90

Table 4. Column data obtained on sorption characteristics of CNS adsorbent at varying

concentration

Concentration tiotal Vese Myotal Qtotal % Qe
Ci(mg/l) (mins) (ml) (mg) (mg) Removal (mg/qg)
Mn(II)ion

8.0 1200 6000 48.0 26.7 56 7.22
14.2 1080 5400 76.6 32.0 42 8.64
20.3 960 4800 97.4 11.5 12 3.11
Crions

6.6 1200 6000 39.6 21.6 55 5.85
14.7 1080 5400 79.2 25.0 24 5.08
21.1 960 4800 101 11.9 12 3.22

metal ion concentration (Wong et al., 2003). Again, diffusion process of the metal ions into the
sorbent is concentration-dependent as the results indicated that increase in concentration
changes the rate of adsorption through adsorbent bed and increases the bed capacity.
Meanwhile, breakthrough is reached before the binding sites of the adsorbent get saturated
by the metal ions (Yahya & Odigure, 2015).

3.6. Column adsorption isotherms

It is observed that as the flow rate (Q) increases from 5 to 10 ml/min at constant bed depth (L) of
8 cm, the rate constant (Kyy, increases with little significance while the time required for 50%
breakthrough (z) decreases from 1178 min (20 h) to 410 min (7 h) (see Table 5). This shows that
earlier breakthrough is reached at higher flow rate and less residence time of metal ion to move
through the length of the sorption column (Yahya & Odigure, 2015). However, as the bed depth
increases from 4 to 10 cm, the rate constant increases and the time required for 50% break-
through (z) increases from 421 min (7 h) to 823 min (14 h). Also, from Table 6, as flow rate (Q)
increases from 5 to 10 ml/min at constant bed depth (L) of 8 cm, the rate constant (Kyy, increases
with little significance while the time required for 50% breakthrough (z) decreases from 1129 min
(19 h) to 410 min (0.8 h). As the bed depth increases from 4 to 10 cm, the rate constant increases
and the time required for 50% breakthrough (z) increases from 415 min (7 h) to 1080 min (18 h).
This is in agreement with some literature findings (Chowdhury et al., 2013).

Adams-Bohart was applied to test the accuracy and reliability of experimental data, as well as to
calculate the kinetic constants of the adsorption process of both metals (Tables 7 and 8). The
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Table 5. Yoon-Nelson model parameters for Mn2+

or

Q L G Kyn R? Tcai(min) SSE
(ml min™}) (cm) (mg/l) (I min™%)

5 8 20.3 0.004 0.952 1178 0.2103
7 8 20.3 0.004 0.949 1040 0.2860
10 8 20.3 0.003 0.808 410 0.3897
5 4 20.3 0.004 0.933 421 0.5769
5 8 20.3 0.004 0.892 635 0.4472
5 10 20.3 0.004 0.965 823 0.3218
5 4 14.1 0.005 0.85 905 0.3770
5 8.0 0.006 0.924 983 0.2733

roti

(ml min™) (cm) (mg/l) (I min™)

5 8 21.05 0.004 0.877 1129 0.2546
7 8 21.05 0.005 0.940 899 0.3259
10 8 21.05 0.003 0.561 46 0.3611
5 4 21.05 0.003 0.888 415 0.0310
5 8 21.05 0.003 0.952 825 0.0595
5 10 21.05 0.003 0.911 1080 0.0997
5 4 14.67 0.007 0.895 682 0.9014
5 6.6 0.008 0.937 848 0.6571

Q L (cm) Co (mg/l) | N, (mg/l) Kag R2 SSE
(ml min™) (mlmin™ mgq)

5 8 20.3 41606 1.5E-5 0.963 0.2419
7 8 20.3 32459 9.8E-5 0.863 0.3414
10 8 20.3 17778 2.0E-4 0.863 0.8303
5 4 20.3 17321 4.9E-5 0.795 0.4044
5 8 20.3 27315 4.9E-5 0.820 0.5679
5 10 20.3 33197 9.8E-5 0.931 0.7854
5 4 14.1 23786 2.1E-4 0.768 0.5177
5 8.0 15660 3.7E-4 0.926 0.4558

values of N, at all conditions have significant difference and, this is as a result of more saturation
sites, adsorption capacity of the adsorbent decreased with increasing flow rate. The values of Kap
increased with both initial influent concentration and flow rate increase, but however, decreased
with increase in bed depth. This showed that overall system kinetic is controlled by external mass
transfer in the initial part of the adsorption in the column.

Among the Clark, Yoon-Nelson and Adams-Bohart models studied, the value of error (SSE) for Yoon-
Nelson model was least for a given experimental condition, while it was highest for Clark model. Thus,
it is concluded that the Yoon-Nelson model is better in describing the process of Mn** and Cr ions
adsorption in the fixed-bed column. In comparison of values of SSE of the predicted and the
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Q (ml L (cm) Co (mg/l) | No (mg/l) | Kag(mlmin™ mg) R? SSE
min™)

5 8 21.05 26929 9.4E-5 0.869 0.2920
7 8 21.05 29991 9.4E-5 0.810 0.3755
10 8 21.05 27028 4.7E-5 0.249 0.5767
5 4 21.05 31875 4,7E-5 0.728 0.4569
5 8 21.05 27383 4.7E-5 0.868 0.5433
5 10 21.05 15569 4.7E-5 0.853 0.7420
5 4 14.67 21191 2.0E-4 0.724 0.6187
5 6.6 13208 4 5E-4 0.924 0.5411

experimental data, both the Yoon-Nelson and Adams-Bohart models can be used to describe
behavior of the adsorption process.

3.7. Adsorption mechanism

The mechanism of Cr and Mn (II) ion uptake by cashew nutshell is proposed by the participating
hydroxyl and carbonyl groups in the reaction as indicated by the FTIR before and after adsorption.
The HCrO,~ and Mn**is attracted to the positively charged surface and donates protons per each
mol of its monovalent and divalent ions into the wastewater. The hydrated metallic ion loses its
water of hydration. Finally, CNS carbonyl and hydroxyl groups bind with the non-solvated metallic
ion. At lower pH value, the adsorption process is effective in eliminating metallic ions of Cr and Mn
(II) ions. Comparison of adsorption capacity of metal ions onto cashew nutshell adsorbent and
with other adsorbents is depicted in Tables 9 and 10 respectively.

4. Conclusion
This work investigated the sorption of Chromium and Manganese ions by cashew nutshell (CNS)
adsorbent from electroplating effluents under various parameters. The major findings of the study are:

Cashew nutshell (CNS) adsorbent was successfully prepared by sulphuric acid activation. The
characterization results revealed presence of functional groups such as hydroxyl (-OH), carbonyl
(-CO), carboxyl (-COOH), and aliphatic (-CH;) groups, which are involved in the binding of the metal

Table 9. Comparison of adsorption capacity of metal ions onto cashew nutshell adsorbent

Heavy metals Activating Type of Adsorption References
agents adsorption capacity (mg/g)

1. Cr (VD) H,SO, Fixed bed 10.79 This study

Mn(II) 9.82

2. Cd (II) Batch 22.11 Kumar et al. (2012)

3. Ni (1) Batch 18.88 Kumar et al. (2011)

4. Fe Mn Fixed bed 2.52.3 Nassar, (2006)

5. Pb (II) KOH Batch 28.9 Tangjuank et al.

Cd (I1) 14.3 (2009)

6. Zn (II) 24.98 Kumar et al. (2011)

7. Pb (II) H,S0, Batch 21.4 Singha and Das
(2012)

8. Congo red Batch 5.184 Kumar et al. (2010)

9. Cd (1) Batch 11.233 Coelho et al. (2014)
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Table 10. Comparison of adsorption capacity of cashew nutshell with other adsorbents

Heavy metals Adsorbents Type of Adsorption References

adsorption capacity/qmax

(mg/q)

1. Pb (II) AWCAC Batch 250 Obayomi et al. (2019)
As (III) 200
2. HgCl2 Raw AC Batch 0.055 Li et al. (2013)
3. Cu (II) Wheat shell Batch 10.8 Basci et al. (2004)
4. Cr (VD) Soy hull Batch/Fixed bed 7.286 Blanesa et al. (2016)
Mn
5 Cr (VI) Tea waste Batch 2.074 Albadarin et al. (2013)
6. Zn (II) Sawdust Batch 14.10 Naiya et al. (2009)
Cd (I1) 13.29
7. Zn (1) Neem bark Batch 26.73 Naiya et al. (2009)
Cd (I1) 25.57
8. Cr (VI) Cashew nutshell Fixed bed 10.79 This study
Mn (II) 9.82

ions onto the adsorbents. The SEM-EDX image of the CNS indicated an irregular pattern and
porosity of the CNS. The EDX spectrum confirmed the appearance of the adsorbed metallic ions.
The pore spaces were agglomerated and packed after the adsorption. The BET test revealed that
the surface area and pore volume are large enough to allow deposition of Mn?* and Cr®* ions on
the molecular sites of the adsorbent.

Continuous column adsorption studies on chromium and manganese ions removal showed
significant effects of the variables and that sorption capacity strongly depends on flow rate, bed
height, and initial metal ion concentration. Breakthrough curves were derived under varying flow
rate, bed height, and initial metal concentration. Results indicated that the breakthrough time,
exhaustion time, and adsorption capacity at breakthrough, increased with the decreasing flow rate
and initial concentration and increasing bed height. The adsorption preference of CNS could be
arranged in the order of Cr(VI)>Mn(II). Experimental breakthrough curves were observed to be in
good agreement with theoretical values by Yoon-Nelson and Adams-Bohart models, which were

validated by high R? and low SSE values.
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