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Adsorption of Cd2+ from mono-metal solution by pine biochar: Equilibrium and kinetic studies
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The present study examines the removal of Cd2+ from mono-metal aqueous solution using pine-fruit residue (PFR) biochar
adsorbent. The influence of varying pH, Cd2+ concentration and contact time at 303 K was examined for adsorptive removal
of Cd2+ in batch mode. The equilibrium data were analyzed by modeling of Freundlich and Langmuir isotherm using both lin-
ear and non-linear regression methods. Langmuir model represented the best fit to the Cd2+ adsorption on biochar and the
isotherm parameters were better predicted by non-linear regression. The kinetic data for Cd2+ adsorption followed pseudo-
second order model.
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Introduction
Industrial wastewaters are often contaminated with heavy

metals and are discharged into the aquatic streams without
adequate treatment. This causes hazard to the environment
and public health because heavy metals are non-biodegrad-
able and accumulate in the food chain1. Heavy metal cad-
mium is mostly released into the wastewater through indus-
trial operations such as metallurgy, batteries, pigments and
alloy industries2. Cadmium poisoning in human causes re-
productive damage, hypertension, and decalcification of
bones3. Therefore, stringent regulatory methods are required
for removal of cadmium from wastewater. Various techniques
such as filtration, chemical precipitation, coagulation/floccu-
lation, ion exchange and membrane separation are conven-
tionally available for wastewater treatment4. Most of these
techniques are expensive, non-selective and inefficient to
meet the quality standards and therefore, not feasible espe-
cially in developing countries.

A comprehensive study on treatment of effluents bearing
heavy metals exhibited adsorption process to be economi-
cally viable and highly competitive to the conventional meth-
ods5. The adsorption efficiency can be optimized by devel-

oping the inexpensive carbon adsorbent selective to the con-
taminant heavy metal. A list of carbon adsorbents were de-
rived from low-cost biomass such as coconut coirpith6,
cashew nut shell7, sunflower waste8, rape straw9, torrefied
loblolly pine10, grape stalks11, peanut shell12, pine tree resi-
due13 and used successfully for cadmium removal from
wastewater. In this work, an attempt was made to transform
the inexpensive fruit processing by-product PFR into the
adsorbent biochar and was tested for Cd2+ adsorption effi-
ciency. Several process variables such as pH of aqueous
phase, contact time and initial Cd2+ concentration were stud-
ied in batch operation.

Experimental
Preparation and characterization of biochar:
Industrial PFR sample containing 10.05% (w/w) moisture

was received from Pineapple India, Dimapur. Dried PFR was
physically activated at controlled parameters in a muffle fur-
nace. A sealed reactor (L, 120 mm×Ø, 80 mm) was filled
with a known mass of PFR and thermally decomposed at
optimum activation temperature of 500ºC for the hold time of
2 h under N2 purge. Upon activation, the charred mass ob-
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tained was washed with 0.1 M HCl to remove any residual
ash followed by distilled water to neutral pH. Recovered char
was dried, crushed to size less than 0.425 mm and named
“PFR biochar”.

Standard ASTM methods were used for proximate analy-
sis of biochar. The method involving pH adjustment of KNO3
solutions was used to estimate the Point of zero charge
(pHpzc) on biochar surface14. Biochar was characterized by
physical N2 adsorption-desorption at –196ºC using a surface
area analyzer NOVA-1000 (Quantachrome, USA). Specific
surface area (SBET) was derived using BET equation, while
micropore volume (Vmic) was obtained by applying t-plot at
p/po = 0.99. Surface morphology was observed by FE-SEM
Hitachi S4800.

Batch adsorption studies:
A known amount of biochar (10.0 g L–1) was added to 25

ml of 20 mg L–1 Cd2+ solution in a 100 ml of conical flask.
Solutions of 0.1 M HCl and 0.1 M NaOH were added to ad-
just the pH (2.0–10.0) of Cd2+ mono-metal aqueous solu-
tion. Flask content was shaken in orbital motion for 240 min
to attain equilibrium. The solution was filtered with 0.2 m
syringe filter and residual Cd2+ concentration in the filtrate
was estimated by atomic absorption spectrometer (S-series
Thermo Fisher Scientific Inc., India).

Adsorption tests were conducted for initial Cd2+ concen-
trations (5–300 mg L–1) with 10.0 g L–1 biochar doses at
optimized pH and 303 K to give equilibrium isotherm. Ex-
periments were performed in duplicate under identical con-
ditions. In kinetic study, 10.0 g L–1 biochar was contacted
with 200 ml of Cd2+ solutions of different concentrations from
25 to 200 mg L–1. At specified contact time (5–240 min), the
samples (10 ml) were drawn for Cd2+ analysis. Cd2+ sorp-
tion capacity (qt, mg g–1) of biochar was calculated as fol-
lows:

C C
q V

M
0 t

t
   

 
(1)

where C0 and Ct are the Cd2+ concentrations (mg L–1) at
time t = 0 and t = t, respectively (min); V is the volume of
mono-metal solution (L); M is the mass of biochar (g).

Results and discussion
Adsorbent biochar prepared by thermal decomposition

of PFR at activation temperature of 500ºC has yield of 23.3%.
The activation method usually comprises of dehydration,
volatilization and decomposition of hemicelluloses, celluloses
and lignin components present in PFR. The physico-chemi-
cal properties of PFR biochar are given in Table 1. In case of
surface textural analysis, biochar exhibited N2 adsorption
isotherm as type-II isotherm characteristic of adsorbent car-
bon with mixed micro and mesoporosity15. PFR biochar was
mostly microporous material, in which contribution of
micropores to the total porosity was 21.4%.

Table 1. Physio-chemical properties of PFR biochar
Properties Value
Moisture content (%) 6.42
Ash content (%) 4.82
Bulk density (gcm–3) 0.538
Point of zero charge (pHPZC) 7.2
Specific surface area (SBET, m2g–1) 282.85
Micropore volume (Vmic, cm3g–1) 0.037
Total pore volume (Vt, cm3g–1) 0.243

Effect of pH:
The pH of the aqueous phase is one of the controlling

parameters in removal of heavy metal cation. It not only gov-
erns the ionic states of Cd2+ in aqueous solution16, but influ-
ences the surface charge on the adsorbent biochar when
added to solution phase17. Fig. 1(A) shows the highly de-
pendent nature of Cd2+ adsorption on biochar with varying
solution pH.

Cd2+ adsorption capacity of biochar increased from 0.08
mg g–1 at pH 2.0 to 1.89 mg g–1 at pH 8.0. At higher pH,
adsorption of Cd2+ remained quantitative and attained maxi-
mum 98.78% removal efficiency. At acidic pH conditions, the
surface charge of biochar became protonated resulted into
significant electrostatic repulsion. Moreover, H3O+ ions were
competitively occupying the binding sites of the biochar at
low pH, restricting Cd2+ adsorption18. Experimental pHpzc
of PFR biochar was 7.2. As the pH increased above pHpzc,
the deprotonation of biochar surface functionalities occurs
and the surface start gaining negative potential that favored
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the electrostatic attraction for higher uptake of Cd2+. How-
ever at pH > 8.0, the degree of hydration of Cd2+ reduces
caused by formation of insoluble hydroxyl complexes and
precipitation of Cd2+ could start at pH 8.319. Therefore, it
should be emphasized that maximum Cd2+ adsorption at pH
around 7.0 allows the biochar to be used as effective adsor-
bent for treatment of Cd2+ contaminated wastewater without
requiring pH adjustment.

Isotherm of Cd2+ adsorption:
The interaction of Cd2+ with the adsorbent biochar that

describe the phenomenon of adsorbate partitioning between
aqueous and solid phases at equilibrium is usually expressed
by isotherm modeling. The experimental data of Cd2+ ad-
sorption on biochar was modelled using Langmuir and
Freundlich isotherm models.

Langmuir model is based on mono-layer coverage on
solid surface and assumes that the adsorbent surface is ho-
mogeneous with energetically equal affinity for adsorbate.

Langmuir equation in its non-linear and linear form is de-
scribed by eqs. (2) and (3), respectively.

qmKLCe
qe = ————— (2)

1 + KLCe

Ce 1 1
—— = —— Ce + ———          (3)
qe qm KLqm

where qm (mg g–1) is saturated monolayer adsorption ca-
pacity of the sorbent and KL (L mg–1) is the Langmuir affinity
constant related to the energy of adsorption.

Freundlich model is applicable to multi-layer sorption sys-
tems involving adsorbate adsorption on heterogeneous sur-
faces. The non-linear and linear form of Freundlich isotherm
is described by eqs. (4) and (5), respectively.

qe = KFCe
1/n (4)

1
ln (qe) = ln (KF) + — ln (Ce) (5)

n

Fig. 1. (A) Effect of pH on Cd2+ adsorption using PFR biochar (M = 10 g L–1, C0 = 20 mgL–1, t = 240 min and T = 303 K); (B) Effect of contact
time on adsorption of Cd2+ on PFR biochar (pH = 7.0, M = 10 g L–1 and T = 303 K); (C) Freundlich and (D) Langmuir isotherms for
adsorption of Cd2+ on PFR biochar.
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where (KF, n)  are empirical constants of Freundlich isotherm
related to sorption capacity and intensity.

The equilibrium data were modelled to estimate the iso-
therm parameters using both linearized and non-linearized
regression analysis. However, linearization of non-linear iso-
therm equations introduces a diverse form of parameter esti-
mation errors and fits distortion. Therefore, the validity of iso-
therm in describing the experimental data was examined by
error function chi-square test (2). The comparative of iso-
therm parameters and error function values are given in Table
2. The r2 values of the Freundlich isotherm were greater than
0.9 for both regressions; however, result demonstrates that
the values of Freundlich constants (KF, n) obtained by linear-
ized regression are not consistent with non-linear values.
Hence, Freundlich model is not appropriate to fit the experi-
mental data. The 1/n values of Freundlich isotherm are less
than unity. Such isotherms are classified as L-type isotherms
indicating the highly favorable Cd2+ adsorption on biochar
and are indicative of chemisorption20. In case of Langmuir
isotherm, r2 values are close to unity (r2 > 0.98) with least
chi-square (2) values suggesting that Langmuir isotherm
provides the best fit to Cd2+ adsorption system. Linearized
Langmuir constants (qm, KL) are significantly similar to the
non-linear transform values. The optimized fitting of
Freundlich and Langmuir model for Cd2+ adsorption on
biochar are shown in Fig. 1(C,D).

Kinetics of Cd2+ adsorption:
The contact time variation plot of Cd2+ adsorption from

aqueous solution with initial Cd2+ concentrations in the range

of 25–200 mg L–1 is depicted in Fig. 1(B). A faster Cd2+ ad-
sorption was observed in the initial 40 min of contact, prob-
ably due to ease of active sites accessibility on biochar sur-
face at the beginning21. This was followed by the sluggish
sorption phase up to 240 min till equilibrium achieved, where
slower rate of Cd2+ diffusion onto the bulk of biochar was
apparent22. Time to reach the equilibrium was independent
of different Cd2+ concentrations and therefore, to ensure the
equilibrium at the solid/liquid interface a contact time of 240
min was used in this study. The increase in Cd2+ uptake from
2.4 to 15.8 mg g–1 when Cd2+ concentration increased from
25 to 200 mg L–1 indicated metal concentration dependent
adsorption system.

Kinetics of Cd2+ adsorption was evaluated using pseudo-
first order and pseudo-second order reaction models, the
linear rate equations of which are given by eqs. (6) and (7)
respectively.

k1log (qe – qt) = log qe – ——— t (6)
2.303

t 1 1
—— = ——— + —— t          (7)
qt K2qe

2 qe

where k1 and k2 are rate constant of respective kinetic model,
qe and qt are equilibrium Cd2+ uptake (at t = ) and adsorp-
tion uptake at time t, respectively.

The experimental data was fitted to the kinetic models
using linear regression. The rate parameters (k1, k2), adsorp-
tion capacity (qe,cal) and corresponding regression coefficient

Table 2. Comparison of isotherm models for adsorption of Cd2+ on PFR biochar
Freundlich Langmuir

KF 1/n r2 2 qm KL r2 2

Linearized model
Test 1 1.0191 0.4880 0.9017 5.4758 10.5042 0.1038 0.9942 0.3051
Test 2 1.0283 0.4667 0.9182 4.9282 10.8226 0.1128 0.9961 0.2865
Mean 1.0237 0.47735 0.9099 5.202 10.6634 0.1083 0.9952 0.2958

Non-linearized model
Test 1 2.1701 0.3004 0.9111 3.2799 10.0009 0.1129 0.9884 0.2617
Test 2 2.3812 0.2883 0.9244 3.0152 10.2845 0.1682 0.9914 0.2467
Mean 2.2756 0.2943 0.9177 3.1475 10.1427 0.1405 0.9899 0.2542
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(R2) were calculated using slopes and intercepts of the plots
of log (qe – qt) versus t for first-order and t/qt versus t for
second-order (Table 3). A poor agreement between qe,cal
values derived using pseudo-first order equation and experi-
mental qe,exp values suggest that pseudo-first order model
is unable to explain kinetics of Cd2+ adsorption on biochar.
On the contrary, qe,cal values from pseudo-second order are
similar to qe,exp values. In addition, the very large values of
R2 at all tested concentrations confirm that Cd2+ adsorption
followed pseudo-second order kinetics. The values of rate
constant k2 decreased with increasing Cd2+ concentrations.
At higher concentration, the competition among the Cd2+ ions
to occupy the limited active sites on the surface of biochar
leads to lower sorption rates.

FE-SEM analysis:
FE-SEM image of PFR biochar (Fig. 2a) shows forma-

tion of non-uniform but continuous network of vertical tubes
and column like channels, caused by pyrolytic decomposi-
tion of PFR at the activation temperature. Adsorption of Cd2+

resulted into distinct changes in surface morphology of
biochar. The tubular structure was observed as filled with
cloudy mass (Fig. 2b), attributed to the possible interaction
of Cd2+ on binding sites present on biochar surface.

Conclusions
This study highlighted the potential of biochar derived

from low-cost industrial by-product PFR for the adsorptive
removal of Cd2+ from aqueous solution. Cd2+ adsorption
capacities were radically influenced by solution pH values
and were found to be increasing with increasing pH and ini-
tial Cd2+ concentration. In equilibrium isotherm study, the
experimental data well fitted to Langmuir isotherm and the
maximum Cd2+ adsorption (qm,) of 10.82 mg g–1 was ob-
tained. Kinetics of Cd2+ adsorption followed the pseudo-sec-
ond order model, which indicates that active sites on biochar
adsorbent surface are the rate-limiting step in Cd2+ adsorp-
tion.
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