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Abstract

This study aims to investigate the Cd(Il) adsorption from aqueous solutions via wood
biochar (BC) as an adsorbent, using different parameters such as pH, contact time, and
Cd(ll) concentration, adsorption isotherms, and kinetic models. To analyze the
adsorption mechanism, various isotherms were utilized including Freundlich, Langmuir,
Temkin, Redlich-Peterson, Sips, Flory-Huggins, Fowler-Guggenheim, and Harkin-Jura.
Additionally, Pseudo-first-order and Pseudo-second-order were used to study the
kinetics of adsorption. The Langmuir isotherm suggests that the maximum adsorption
capacity (gmax) is 28.57 mg/g. According to this model, the metal ions are adsorbed by
forming a monolayer and do not interact or compete with each other. Based on the
Temkin isotherm, it can be concluded that the adsorption of Cd(Il) onto BC is mainly
physical in nature, as the value of heat of adsorption is less than 1.0 kcal/mol. The
Redlich-Peterson and Sips isotherms indicate that the adsorption process follows the
Langmuir form and further supports the monolayer adsorption pattern. The negative
value of Gibbs free energy (AGP°) suggests that the adsorption process is
thermodynamically spontaneous and feasible. The Flory-Huggins and Fowler-
Guggenheim isotherms indicate that the active zone of the adsorbent is occupied by
adsorbate and also suggest the presence of repulsion between the adsorbate. The
kinetics of the adsorption system followed a pseudo-second-order reaction rather than a
pseudo-first-order reaction with an R? of 0.999 and 0.979, respectively. The results of
various analyses indicate that the process of wood biochar adsorption is efficient and
can be scaled up for the heavy metals removal from contaminated water.
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1. INTRODUCTION

Among all of the heavy metals that are being discharged into the environment,
cadmium is one of the most important ones. Because of the high toxicity and
persistence of Cd(ll) in nature, it has become an increasing concern over the past
decades (Liu et al., 2019). Long-term exposure to Cd(ll) compounds will cause anemia,
emphysema, neuralgia, stomach pain, osteoporosis, and other emergencies (Liu et al.,
2022). Due to its extreme toxicity, Cd(ll) needs to be removed from contaminated water
to ensure access to safe and pure water. Various techniques have been employed to
lower the Cd(ll) concentration to meet environmental standards, including chemical
precipitation, ionic exchange, adsorption, reverse osmosis, electro-dialysis,
ultrafiltration, evaporation. Although these methods perform well, they still have
significant disadvantages such as expensive, high sludge production, etc (Zamri et al.,
2017). Considering the efficiencies and costs of various heavy metal removal methods,
adsorption is recommended as a fast and universal treatment technology (Deng et al.,
2017). Therefore, identifying an affordable and efficient adsorbent for removing Cd(ll) is
crucial to ensuring the safety of drinking water and food. Various adsorbents are
available, biochar (BC), an effective, low-cost, and eco-friendly adsorbent, has been
recommended for heavy metal immobilization in wastewater and contaminated soils
(Ahmad et al., 2014). BC is a carbonaceous solid product and is produced by the
pyrolysis of biomass residuals under an oxygen-limited environment. Recently, various
types of adsorbent materials such as banana peel biochar (Limmun et al, 2024),
Clostridium thiosulfatireducens (Suya et al.,, 2024), Ficus virens (Guo et al., 2024),
grape stalk (Sabando-Fraile et al., 2024), Oyster shell (An et al., 2024), sugar cane
bagasse (Din et al., 2024), etc. have been used for Cd(ll) adsorption. In Mizoram, wood
BC was used for many purposes such as domestic fuels, pit latrines, water filters, etc.
The most preferred wood species to produce BC were Quercus spp., Mesua ferrea,
Anogeissus acuminate, and Vitex peduncularis due to their abundant availability in the
area and showed the highest wood density (Sahoo et al., 2014).

The present study was performed to evaluate wood BC as an adsorbent for the
removal of Cd (ll) from aqueous solution by systemic evaluation of parameters involved
such as pH, contact time, and Cd(ll) concentration. Freundlich, Langmuir, Temkin,
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Redlich-Peterson, Sips, Flory-Huggins, Fowler-Guggenheim, and Harkin-Jura isotherms
were used to study the adsorption mechanism. Similarly, Pseudo- first orders, and
Pseudo- second order were used to study the kinetics of adsorption.

2. MATERIALS AND METHODS
2.1. Wood BC as an adsorbent

The wood BC was produced by the thermal decomposition of wood at a
temperature of 700-800°C under a reduced oxygen supply inside the charcoal kiln. The
charring operation can take about 4-5 h. After the charring operation was completed,
the wood BC was milled with a blender and sieved to particles of 100 mesh screens.
Preparation of stock solution of metal

All the chemicals used in this study were analytical grade. A stock solution of
cadmium (1000 mg/L) was prepared with miliQ water by weighing 2.036 g of CdCl2
(SRL). Different desired concentrations of Cd(Il) were prepared by diluting 1000 mg/L of
the stock solution. Acid and base solution (1 N HCI and 1 N KOH) were used for pH
adjustment. The standard solution of Cd(Il) was obtained from SRL.

2.2. Adsorbent and its characters
The samples were gold sputter coated and the (SEM) micrographs were taken by
using the scanning electron microscope (XL30 ESEM, Philips, USA) to understand the

surface morphology of the BC.

2.3. Batch mode adsorption studies

The adsorption of Cd(ll) ions using wood BC was investigated in a batch mode
adsorption equilibrium experiment. All batch experiments were carried out in 100 mL of
Cd(ll) solution. The effect of pH was evaluated in the range of pH 3.0 — 7.0. The pH of
each metal solution was adjusted to the required pH value by using 1 N HCl or 1 N
NaOH. Then 0.12 g of dried biosorbent was added to the metal solution. The reaction
mixture was shaken for at 150 rpm, 29 °C for 6 h. Similarly, contact time (15-360 min)
and Cd(Il) concentration (10-50 mg/L) were also conducted. At the end of the

experiment, the solutions were separated from the adsorbent by centrifuging at 10,000
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rom for 8 min. The concentrations of metal were analyzed using MP-AES element
analysis, calibrated with a standard solution. The experiment was conducted in triplicate
and the average values were used in this data analysis. The amount of Cd(Il) adsorbed
onto BC at equilibrium, ge (Mmg/g), was calculated by the following Equation:

ge=(Ci— Co) xV/W (1)
where C;and Ce are the initial and equilibrium liquid-phase concentrations of Cd(ll),
respectively (mg/L), V is the volume of the solution (L), and W is the weight of the

adsorbent used (g)

3. RESULTS AND DISCUSSION
3.1. Adsorbent and its characters

SEM micrograph reveals that there are many pores on the surface of the
adsorbent. The smaller pore size diameter of 1.36 um and the bigger pore size is 16.3
um in diameter (Fig. 1). Different pore sizes in the adsorbent can increase the
adsorption process by increasing surface area.

3.2. Effect of pH

The adsorption of cadmium was found maximum at pH 6 and lowest at pH 3 as
shown in Fig. 2(a). At low pH, there was a high H* ions concentration, which competed
with Cd(ll) for a binding site at the surface of the negatively charged adsorbent,
resulting in the decrease of Cd(ll) adsorption. As the pH increases, metal adsorption
also increase since ion exchange is more effective when fewer H* ions are available to
compete with the metal ions for binding sites onto the BC surface and reached
equilibrium at pH 6. At higher pH, the divalent cationic forms decrease, and more
soluble or insoluble hydroxylated forms of cadmium increase (Goswami and Phukan,
2017). The formation of hydroxylated complexes of the metal would also compete with
metal ions for the binding sites; as a result the retention decrease again.

3.3. Effect of initial metal concentration

The effect of initial metal concentration was studied in the range of 10 — 50 mg/L
at 29 °C and pH 6. Cd(ll) removal range from 86.53% to 43.46 % as shown in Fig. 2(b).
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The percentage of Cd(Il) adsorption decreased with an increase in Cd(ll) ions
concentration and showed little decrease in percentage (%) of adsorption at higher
concentration. This can be explained that all the adsorbents have a limited number of
active sites for Cd(ll) to bind, which would become saturated at a certain concentration.

So, an increase in initial metal concentration does not increase the sorption process.

3.4. Effect of time

The effect of contact time was determined at an initial Cd(Il) concentration of 20
mg/L at pH 6. The rate of adsorption was rapid initially and then gradually diminished to
attain an equilibrium state at 360 min as shown in Fig. 2(c). The initial fast adsorption is
due to the availability of abundant vacant active sites on the adsorbent. The number of
active sites in the system is fixed and each active site can absorb only one ion,
therefore metal uptake by the sorbent surface is rapid initially and then decreases as
the availability of active sites decreases

3.5. Adsorption isotherm studies

The Cd(ll) uptake capacity on the wood BC at different concentrations (10-50
mg/L) on a fixed amount of adsorbent at pH 6.0 has been evaluated using different
adsorption isotherm models.

3.5.1. Freundlich isotherm

The Freundlich isotherm (Freundlich, 1907) assumes that monolayer sorption
with a heterogeneous energetic distribution of active sites, accompanied by an
interaction between adsorbed molecules. Its isotherm is represented by the following

Equation 2.
logQge = log Kr+ (1/n) logCe (2)

where Ce (Mg/L) is the equilibrium concentration, ge (mg/g) is the amount of metal ions
adsorbed at equilibrium, Kf (mg/g) and ‘n’ are adsorption capacity and intensity of
adsorption, respectively. A graph was plotted logge versus logCe as shown in Fig. 3(a).
The slopes and intercepts of the graph were used to calculate the n and Kr values
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(Table 1). If n = 0 to 10, the sorption process is favorable (Ahmadi et al., 2020).
Therefore, the ‘n’ value is within this range indicating the favorability of an adsorption

process.

3.5.2. Langmuir isotherm

The Langmuir isotherm (Langmuir, 1916) assumes that there is no interaction
between adsorbed species and a monolayer was formed when the equilibrium was
attained. Its linear form is as follows:

Ce/Qe = 1/gmaxb + Ce/Qmax (3)
where gmax (Mg/g) is the maximum adsorption capacity and b (/mg) is the energy of
adsorption. A graph was plotted Ce/ge versus Ce with high R? value as shown in Fig.
3(b). The slopes and intercepts of the graph were used to calculate the gmax and b. The
values of gmax and b agree well with the theoretical ge value as shown in Table 1. This
indicates that the adsorbed metal ions do not interact or compete with each other and
that they are adsorped by forming a monolayer.

3.5.3. Temkin Isotherm

The Temkin isotherm (Temkin, 1940) is used for the determination of physical or
chemical sorption. Its linear mathematical form is as follows:

ge = BInAT + BInCe (3)
where B is defined by the expression B=RT/br, T is the absolute temperature in Kelvin
(K); R is the gas constant (8.314 J/mol K); br is the heat of sorption (J/mol); and Aris
the Temkin isotherm constant (L/g). A graph was plotted ge vs InCe with high R? value
(Fig. 3c). The slopes and intercepts of the graph were used to calculate the br and Ar
(Table 1). According to the Tempkin isotherm model, physical adsorption occurs if the
heat of the adsorption (br) value is less than 1.0 kcal/mol. Furthermore, with a value of
20-50 kcal/mol, chemisorption occurs. If value is between the two (1-20 kcal/mol), both
physisorption and chemisorption are involved (Ettish et al., 2021). The adsorption of
Cd(ll) onto BC is predominantly physical adsorption since the heat of adsorption value
is less than 1.0 kcal/mol.
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3.5.4. Redlich - Peterson (R-P) Isotherm
The R-P (Redlich and Peterson, 1959) equation contains three parameters and
incorporates the features of the Langmuir and Freundlich isotherms. The R-P isotherm
can be described as follows:
Qe = KrPCo/1 + arrCeP (5)

where Krp, arp, and 8 are the R-P parameters. A non-linear graph was plotted Ce
versus ge as shown in Fig. 4(a) and the three parameters of R-P isotherm were
calculated. B lies between 0 and 1, if =1, the R-P equation converts to Langmuir form.
The calculated B value is very close to unity than “0” with a high regression coefficient
(R?) value (Table 1). This indicates that the adsorption process is following the
Langmuir form and further supports the predominance of monolayer adsorption.

3.5.5. Sips Isotherm

The Sips isotherm also called the Langmuir-Freundlich isotherm equation is
characterized by the heterogeneity factor, “n” and is employed to describe the
heterogeneity of sorbent surface if 0 < n< 1. The isotherm can be expressed as:

Je = gmKLFC"1 + KirCe" (6)

where gm and Kir are the Sips maximum adsorption capacity (mg/g) and Sips
equilibrium constant (L/mg), respectively. The value of n is employed to describe the
system’s heterogeneity, when n is between 0 and 1. When n = 1, the Sips equation
reduces to the Langmuir equation and implies a homogeneous adsorption process
(Allen et al., 2004). A non-linear graph was plotted Ce versus ge as shown in Fig. 4(b).
The parameters of Sips isotherm were calculated, and the value of n is calculated as
1.05, i.e. =1 with high R? value. This indicated that the adsorption pattern follows
Langmuir isotherm and the estimated gm value is also very close to the gm value

obtained according to Langmuir isotherm (Table 1).
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3.5.6. Flory-Huggins Isotherm

The Flory-Huggins isotherm was used to evaluate the degree of surface
coverage characteristics of adsorbate on the adsorbent and is expressed in its linear
form by the following equation 7 (Chaba and Nomngongo, 2019):

In(6/Ci) = InKFt + Nerin(1-6) (7)

where 8 = (1 - Ce/Gi) is the degree of surface coverage, Krx (L/mol) and nrx represent
the Flory-Huggins equilibrium isotherm constant and model exponent, respectively. A
linear plot of In (6/C)) versus In (1 — ) as shown in Fig. 5(a), Kr# and nrx values can be
calculated (Table 1). According to the model, If nFy >1, indicates multilayer adsorption of
molecules on the adsorbent surface, if nev< 1, indicates an active zone of the adsorbent
would be occupied by adsorbate. Therefore, the calculated value of ney is less than
unity, which indicates that the active zone of the adsorbent is occupied by adsorbate. In
addition, the values Kry is used to calculate of spontaneity Gibbs free energy (AG°)
(Foo and Hameed, 2010). The negative value of AG®° (Table 1) indicates that the

adsorption process is thermodynamically spontaneous and feasible.

3.5.7. Fowler-Guggenheim isotherm

The Fowler and Guggenheim (Fowler and Guggenheim, 1939) explain whether
the lateral interaction between adsorbed molecules in the solid phase existed or not.
The linearized form of this model is expressed as:

INCe(1-6)/6 = -InKeg + 2WB/RT (8)

where Krg is the Fowler-Guggenheim equilibrium constant (L/mg), W is the interaction
energy between adsorbed molecules (kJ/mol), R is the universal gas constan and T is
the absolute temperature (K). From a linear plot of InCe(1-8)/6 versus 6 as shown in Fig.
5(b), W and Kry can be calculated (Table. 1). According to this model, if W value is
positive, the interaction between the adsorbed molecules is attractive. On the other
hand, if W is negative, the interaction among adsorbed molecules is repulsive. If W is
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equal to 0, there is no interaction between adsorbed molecules. Therefore, the
calculated value of W is negative, which indicates the presence of repulsion between
the adsorbed molecules and the high R? value indicates the existence of a monolayer
on the surface of the adsorbent (Ragadhita and Nandiyanto, 2021)

3.5.8. Harkin-Jura Isotherm
The Harkin-dJura isotherm model (Harkins and Jura, 1944) assumes the
possibility of multilayer adsorption on the surface of absorbents having heterogeneous

pore distribution. This model is expressed as follows:

1/ge® = BIA- (1/A) log Ce 9)

The plot of 1/g¢® versus logCe gave a correlation coefficient of 0.761 as shown in Fig.
5(c) with the A and B values, as Harkin-Jura Isotherm model constants (Table 1). The
R? value was lesser than that of monolayer adsorption models of Langmuir and could
not be the best fit for the adsorption. This indicates that the multilayer adsorption

process is not followed.

3.6. Sorption kinetics studies
To explain the kinetics mechanism of Cd(Il) sorption and the potential rate-

controlling steps, Pseudo-first-order and Pseudo-second-order were used.

3.6.1. Pseudo-first-order

The Pseudo-first-order model (Lagergren, 1898) for solid/liquid systems of
adsorption stated that the rate is proportional to the number of unoccupied sites. It is
expressed as:

log(ge— q1) = logqe — k1 12.303 (10)

where ge and g:are the amounts of cadmium adsorbed on the adsorbent at equilibrium

and at any time t, respectively. k1 is the rate constant of pseudo-first-order sorption. The

slopes and intercepts of a plot of log (ge— q1) versus t (Fig. 6a) were used to calculate
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the first-order rate constant, k1 = 39.15x103 /min and equilibrium adsorption capacity,
ge.= 13.03 mg/g with the R?value of 0.979 .

3.6.2. Pseudo-second-order

The Pseudo-second-order (Ho and Mc Kay, 1999) assumes that the rate of
sorption is proportional to the square of the number of unoccupied sites. It is expressed
as:

gt = 1/keQe®+ tQe (11)

where k2 is the equilibrium rate constant. The slopes and intercepts of plots t/q:versus t
(Fig. 6b) were used to calculate the pseudo-second-order rate constants, k2 = 6.42x103
g/mg/min and ge = 16.66 mg/g.

The correlation coefficient (R?) of the pseudo-second-order kinetics model is
0.999 and the experimental qge values of 16.18 mg/g were also agreed well with the
calculated ge values of 16.66 mg/g, respectively as shown in Table 2. The correlation
coefficients of a pseudo-first-order kinetics model were lower than the pseudo-second-
order kinetics model. Therefore, it can be concluded that this adsorption system
followed a pseudo-second-order reaction rather than a pseudo-first-order reaction.

CONCLUSIONS

The purpose of this study was to evaluate the effectiveness of wood-based
biochar as an adsorbent for removing Cd(ll) from an aqueous solution. Various
adsorption isotherms and Kinetics models were utilized to explain the mechanism of
adsorption. Based on the results, it can be concluded that wood-based biochar is a
highly efficient adsorbent for removing Cd(ll) from an aqueous solution and could be

scaled up to remove heavy metals from contaminated water.
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Table 1. Different adsorption isotherm models with their Parameters for the adsorption
of Cd(Il) onto biochar

Isotherm Parameter Value
Freundlich K 9.204 mg/g

n 2.98

R? 0.907
Langmuir (max 28.57 mg/g

B 0.34

R? 0.993
Temkin Ar 4.69 L/g

br 461.8 J/mol

br =~0.11 kcal/mol

R? 0.958
Redlich-Peterson Krp 9.89

arp 0.330

B 1.01

R? 0.999
Sips dm 27.04 mg/g

Ker 0.39

n 1.05

R? 0.991
Flory-Huggins Ker 0.0039 L/mol

NFH -1.48

R? 0.986

AG° -13.86 kJ/mol
Fowler-Guggenheim Kra 4.02x10* L/mg

w -12.04 kJ/mol

R? 0.99
Harkin-Jura A 142.85

B 1.57

R? 0.761
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Table 2. Different adsorption Kinetic models with their Parameters for the adsorption of
Cd(ll) onto biochar

Kinetic Parameter Value
Pseudo-first-order Qe 13.03 mg/g

ki1 39.15x103/min

R? 0.979
Pseudo-second-order k2 6.42x10 g/mg/min

Qe 16.66 mg/g

R? 0.999
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Fig. 1. SEM micrograph revealing the present of different pores on the surface of wood
biochar.
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Fig. 2. Effect of (a) pH; (b) Initial metal concentration; and (c) time of contact on the
sorption of Cd(Il) onto Biochar.
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Fig. 3. Isotherms studies (a) Freundlich isotherm; (b) Langmuir; and (¢) Temkin
isotherm for Cd(Il) adsorption onto wood biochar.
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Fig. 4. Isotherms studies (a) Redlich - Peterson (R-P) isotherm; and (b) Sips isotherm
model for Cd(Il) adsorption onto wood biochar.
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Fig. 5. Isotherms studies (a) Flory-Huggins isotherm; (b) Fowler—-Guggenheim isotherm;
and (¢) Harkin-Jura isotherm model for Cd(ll) adsorption onto wood biochar
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Fig. 6. (a) Pseudo-first—order kinetic; and (b) Pseudo-second—order kinetics for the
adsorption of Cd(ll) onto wood biochar.
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