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ABSTRACT

With the objective sequestering the carbon from the aquaculture pond sediment, biochar was
synthesized by slow pyrolysis process from the sediment collected from L. vannamei shrimp pond.
Batch study with varying experimental conditions such as adsorbent dose, pH, contact time and
temperature were conducted to assess the phosphorous sorption capacity of biochars. The
adsorption data were fitted best with the Freundlich equations. The Langmuir maximum
monolayer adsorption capacity was found to be 7.9 mg phosphate per gram of biochar.  Adsorption
of phosphate by biochars were reduced with increasing pH, chemisorption is the major mechanism
of phosphate sorption. The biochar synthesized from organic carbon rich aquaculture pond
sediment not only sequesters the carbon and minimizes GHG emission, but also can be used to
treat waster waters rich in phosphate.
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INTRODUCTION

Eutrophication by nutrient enrichment is one of the
most important water quality problems in marine
ecosystems.  In order to avoid the environmental
degradation, effective methods are needed to reduce
the phosphorus level of discharge water from
aquaculture ponds (Chislock et al., 2013; Copetti et
al., 2016; Kumararaja et al., 2019).  Adsorption is the
most common method for the removal of inorganic
contaminants from the water due to of its economic
viability and efficiency even at low level of
contaminant. Quite a few adsorbents have been
tested for the removal of phosphate. Biochar is the
pyrolysis product of solid organic waste under
limited oxygen condition. Biochars synthesised from
different feedstock have been successfully tested for
phosphate removal due to their pollutant sorption
capacity with cheaper availability (Trazzi et al., 2016;
Oliveira et al., 2017; Almanassra et al., 2021).
Accumulation of uneaten feed excreta of animals
and decayed phytoplankton, animals etc leads to

pond bottom sediment rich in organic carbon.
Conversion of labile carbon into non-labile form in
the form of biochar is one of the rational methods for
GHG mitigation from aquaculture production
system.

With this background, the objective of the present
study is to harness the carbon of aquaculture pond
sediment in the form of biochar, modified biochar
and testing their efficiency in the treatment of
phosphorus rich water.

MATERIALS AND METHODS

Materials

The pond sediment was collected from Litopenaeus
vannamei culture ponds from Mahabalipuram, Tamil
Nadu, India.

Preparation of biochar and modified biochar

A known amount of sediment was taken in
porcelain dish and kept in a muffle furnace. After
purging with N2 gas (to remove oxygen), porcelain
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dish was lidded to maintain anoxic conditions. The
muffle furnace with sediment was further purged
with N2  gas for 30 minutes to make the environment
oxygen free. The muffle furnace was set at 350 0C
and temperature raise was set at 5 0C per minute.
The muffle furnace was kept at 350 0C for 4 hours
and allowed to cool to room temperature. The
biochar synthesized was grounded, sieved through
2 mm sieve, and kept in desiccator for further use.

Batch adsorption and desorption experiments

Phosphate Adsorption

The phosphate adsorption experiments were
conducted in triplicate by the batch method. The
batch studies were conducted in an end to end
shaker with 100 ml polypropylene tubes by varying
pH (2-10), amount of adsorbent (0.05, 0.1, 0.25, 0.5, 1,
and 2 g), contact time (5, 10, 15, 30, 45 min, 1, 2, 3, 4,
5, 6, 12, 18, and 24 h), initial phosphate
concentration (5, 10, 20, 30, 40, 50, and 100 mg/l),
temperature (25, 35, 45 0C) and salinity (0, 10, 20,
and 30 ppt).  For the batch study, 100 ml of
phosphate solution with 0.25 g adsorbent was
shaken for 24 h and content were centrifuged at 8000
rpm for 15 min to obtain clear filtrate, and
phosphate was estimated by ascorbic acid blue
colour method using UV/Vis spectrophotometer
(SHIMADZU-Pharma Spec UV-1700, Kyoto, Japan)
at 880 nm.

The amount of phosphate adsorbed (mg/g) was
calculated using mass balance equation:

.. (1)

The removal efficiency of the biochar (%) was
calculated by the following equation:

C0 – Ce

Removal Efficiency = × 100 .. (2)
C0

Adsorption Isotherms

The experimental data were fitted with Langmuir,
Freundlich and Dubinin-Radushkevich isotherms to
elucidate the mechanism of adsorption. The
Langmuir isotherm describes the monolayer
adsorption process onto a homogeneous surface and
gives the maximum adsorption capacity of an
adsorbent. The linear form of Langmuir equation
given as equation 3:

.. (3)

Where Ce is equilibrium concentrations (mg/l) of
phosphate, qe is the amount of phosphate adsorbed
at equilibrium (mg g-1), qm is the maximum
adsorption capacity (mg g-1), and KL is the Langmuir
constant (L/mg) related to adsorption energy. Linear
plot of Ce/qe vs Ce gives the Langmuir parameters.
A dimensionless constant, namely the equilibrium
parameter or separation factor describes the
favorability of the adsorption.

.. (4)

Where KL is the Langmuir constant and C0 is
initial concentrations (mg/l) of phosphate. The  RL

values represented that  RL>1  for  unfavourable
adsorption,  0<RL<1  for  favourable  adsorption  and
RL=  0  for irreversible  adsorption [12,13].

The Freundlich isotherm is an empirical equation
and describes the multilayer adsorption on the
heterogeneous surface and linearized form is
expressed as

.. (5)

where n and KF are Freundlich constants related
to the adsorption intensity related to heterogeneity
of surface and adsorption capacity of adsorbent
(mg/g) respectively. The constants are obtained
from the slope of the linear plot of log qe versus log
Ce.

Dubinin-Radushkevich isotherm describes the
adsorption mechanism with Gaussian energy
distribution onto the heterogeneous porous surface
and applied to distinguish the physical and
chemical adsorption process. The linear form of
Dubinin-Radushkevich isotherm is expressed as
equation 6:

lnqe = inqD – BD
2 .. (6)

Where qe is the amounts of phosphate adsorbed
(mg/g) at equilibrium, BD is isotherm constant.
Polyani potential, ´ can be calculated from the
equation 7:

.. (7)

Where R and T are defined. E is an index of
energy consumed in adsorption; BD is used to
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estimate mean free energy by the following
expression:

.. (8)

Value of E less than 1 to 8 KJ/mo corresponds to
the Physical while 8 to 16 KJ/mol corresponds to
chemisorption. To estimate the constants of Dubinin-
Radushkevich (D –R) model a plot between ln (qe)
and å2 was obtained at 303K.

Adsorption Kinetics

To understand the process of phosphate sorption
onto biochars, a pseudo-first-order and second order
models were applied. These are the most used
models to describe the adsorption in solid-liquid
systems. The linear forms of pseudo-first-order and
second order models are given in equations 8 and 9,
respectively.

.. (9)

.. (10)

Where qe and qt are the amounts of phosphate
adsorbed at equilibrium, and after contact time t (h),
respectively; k1 (h

-1) and k2 (g/mg/h) are the pseudo-
first, and pseudo-second-order rate constants,
respectively. Pseudo-first order rate constant (k1) can
be calculated from the slope of straight-line plot of
ln (qe–qt) versus t. The intercept of the plot between
t/qt, and time t gives the second-order rate constant
(k2).

Adsorption Thermodynamics

The adsorption process is either exothermic or
endothermic, and the thermodynamic parameters
including free energy change (G0), enthalpy change
(H0) and entropy change (S0) are calculated from
the following equations

.. (11)

.. (12)

.. (13)

Where, R is universal gas constant (8.3144 Jmol-

1K-1), T is absolute temperature in Kelvin (K), and Kc

is the thermodynamic equilibrium constant. The
Gibbs energy change is directly calculated from
equation 11, while the enthalpy change, and the
entropy change were determined  from  the slope

and intercept of the a plot of ln Kc against 1/T.

RESULTS AND DISCUSSION

Adsorption isotherms and kinetics

Effect of biochar dose

As the amount of biochars increased the
phosphorous removal also increased due to increase
in the effective surface area and exchangeable sites
for the ions. The reduction in phosphorus sorption
capacity might be by the decreased total surface area
and enhanced path impedance. (Saadat et al., 2024;
Kujawska et al., 2024)

Fig. 1. Effect of adsorbent dose on adsorption capacity
and percent removal of phosphorus

Effect of pH

At lower pH, 90% of phosphorus got adsorbed onto
the biochars and around 40% at higher pH (Fig. 4).
The speciation of phosphorous and surface charge
distribution of adsorbent is influenced by the
solution pH. The major phosphate species in acidic
range is H2PO4

-, HPO4
2- in the range of 7.2 -12.3 and

above that PO4
3- is the dominant species. Presence of

large number of positively charged sorbent sites at
acidic pH resulted in higher sorption. At higher pH,
hindrance by high concentration of OH- ions and
electrostatic repulsion by negatively charged
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adsorbent site and increasingly multivalent P
oxyanions (Li et al., 2017; Zhang et al., 2020).

Adsorption isotherms

The phosphorus adsorption data by biochar was
fitted better (R2- 0.991) by Freundlich isotherm due
to the heterogeneous surface (Foo and Hameed,
2010). The Freundlich isotherm is an empirical
equation (Eq. 3) which describes the heterogeneous
surface adsorption

. qe = Kf x C1/n .. (3)

where, qe is the amount of metal ion adsorbed
(mg g-1) onto the composite. The Freundlich
parameters Kf and n represent the sorption capacity
and intensity, respectively. Slope and intercept of the
linear plots of log qe versus log Ce gives Kf and n.
The favourability of the adsorption process is
indicated by the Freundlich constant n value; values
< 1 for poor adsorption, 1-2 for moderately good,
and 2-10 represent the beneficial adsorption. The n
value 2.22 indicating the favourable sorption
process. The Langmuir maximum monolayer
adsorption capacity (qm) of the biochar was  7.9 mg/
g. Chemisorption is the main sorption mechanism
and increase of O-containing functional groups,
after modification resulted in higher sorption (Kim
et al., 2020).

Adsorption kinetics

The adsorption kinetics indicated that a rapid initial
adsorption (30 minute) followed by slow diffusion

process happened in case of biochar the equilibrium
obtained at 24hrs. Initial faster sorption resulted
from chemical reaction and further slow process by
occupying the vacant sorption sites by phosphate.
Further phosphate sorption by biochars was
investigated by fitting the data with pseudo-first
and pseudo-second order kinetic models. The
correlation coefficient (R2) of the pseudo-first order
and pseudo-second order kinetic models fit were
0.781 and 0.994, respectively. Higher correlation
coefficient (R2) pseudo-second order kinetic model

Fig. 2. Effect of pH on percent removal of phosphorus

Table 1. The Langmuir, Freundlich and D-R parameters for the adsorption of phosphate onto biochars

Langmuir Freundlich Dubinin-Rakhuchevich

qm (mg g-1) 7.9 KL (L g-1) 2.35 qm (mg g-1) 15.6
KL (L mg-1) 0.33 1/n 0.45 E (KJ mol-1) 7.04
R2 0.988 R2 0. 991 R2 0.990

Fig. 3. Langmuir and Freundlich isotherms of
phosphorus sorption on biochar

Table 2. Pseudo-first and pseudo-second order kinetic
parameters of phosphate adsorption onto
biochars

Pseudo-first order Pseudo-second order

qe (mg g-1) 3.37 qe (mg g-1) 7.79
K1 (h

-1) 0.19 K2(g mg-1 h-1) 0.25
R2 0.781 R2 0.994
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for biochar indicate the phosphorus adsorption is
mainly chemisorption, ion exchange mechanisms
(Hamdi and Srasra, 2012; Kumararaja and
Manjaiah, 2015).

Adsorption thermodynamic Parameters

The adsorption of phosphorus by biochars increases
with increasing temperature, 6.96, 8.56 and 11.64
indicating the higher temperature favours the
sorption process. Further, the spontaneity and
stability of phosphorus sorption by biochars, each
thermodynamic parameter were found according to
equations and shown in Table 1. The result
demonstrated that the phosphate removal process
was endothermic.

Chemical interaction is the dominant process of
adsorption is indicated by best fitting of Pseudo-
second order model. The adsorption process is
favourable and spontaneous in nature indicated by
negative value of G0 (Kumararaja et al., 2017).
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