
water

Article

Batch and Column Scale Removal of Cadmium from
Water Using Raw and Acid Activated Wheat
Straw Biochar

Muhammad Asif Naeem 1, Muhammad Imran 1,* , Muhammad Amjad 1, Ghulam Abbas 1,
Muhammad Tahir 1, Behzad Murtaza 1, Ali Zakir 1 , Muhammad Shahid 1, Laura Bulgariu 2 and
Iftikhar Ahmad 1,*

1 Department of Environmental Sciences, COMSATS University Islamabad, Vehari Campus,
Vehari 61100, Pakistan

2 Department of Environmental Engineering and Management, Technical University Gheorghe Asachi of Iasi,
700050 Iasi, Romania

* Correspondence: imranrb@cuivehari.edu.pk (M.I.); iftikharahmad@cuivehari.edu.pk or
iffises@yahoo.com (I.A.)

Received: 8 May 2019; Accepted: 8 July 2019; Published: 12 July 2019
����������
�������

Abstract: The present study examined novel wheat straw biochar (WSB) and acid treated wheat straw
biochar (AWSB) for cadmium removal from contaminated water. A series of batch and column scale
experiments was conducted to evaluate the potential of WSB and AWSB for cadmium removal at
different biochar dosage (0.5–8 g/L), initial cadmium concentration (5–100 mg/L), solution pH (2–8) and
contact time (5–180 min). Results revealed that cadmium adsorption decreased by increasing biochar
dosage from 0.5 to 8 g/L; however, optimum dosage for maximum (99%) removal of cadmium was 2 g/L
by WSB and 1 g/L by AWSB. Enhanced cadmium removal potential by AWSB is attributed to increased
surface area, microporosity and variation in functional groups. Equilibrium experimental data was
well described by Freundlich adsorption isotherm whereas kinetic data were better explained with
pseudo-second order model. Both WSB and AWSB have shown good adsorption capacity of 31.65 mg/g
and 74.63 mg/g, respectively, that is comparable with other costly adsorbents. Columns packed
with WSB and AWSB at laboratory scale have also shown good retention of cadmium with excellent
reusability. These findings indicate that WSB especially AWSB could be a promising, cost-effective
and environmental friendly strategy for the removal of metals from contaminated water.

Keywords: activated biochar; column; sorption; kinetics; water treatment

1. Introduction

Cadmium (Cd) is a non-essential heavy metal naturally occurring in geological formations.
It enters the ecosystems through erosion and abrasion of rocks and soils. The beneficial use of Cd
in the industry also contributes to environmental contamination with Cd as it can enter into the
wastewater from industrial processes such as electroplating, Cd-Ni batteries, fertilizers, pesticides,
ore mining, plastics, pigments, dyes, etc. Consumption of Cd containing food leads to its accumulation
in living tissues causing various diseases and disorders. Hence, Cd must be removed from the
wastewater before its disposal to the environment [1,2]. A variety of physical and chemical techniques
is employed to remove metals, including Cd from contaminated water e.g., ion exchange, precipitation,
flocculation/coagulation, adsorption, membrane filtration, evaporation and reverse osmosis etc. [2].
Most of these methods have limitations for metal removal due to sludge production, higher cost of
energy and by-product formation [1,2]. However, the use of adsorbents for the removal of heavy metals
has been increased in the last few years [3]. There are various adsorbents but carbon materials have
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been reported to be the best due to their numerous characteristics, are highly stable, have excellent
removal efficiency and contain large surface area [4–6]. Wood and bark biochars have been used
effectively as carbon materials to remove heavy metals from water e.g., arsenic (As), Cd and lead
(Pb) [7].

Recent literature shows that surface features of the biochar have been modified to enhance the
adsorption potential, increase the number of functional groups and selectivity of biochar to remove
several pollutants from polluted systems [8–10]. In addition, phosphate compound containing liquids
such as phosphoric acid (H3PO4) are known for their effectiveness in remediation of contaminated
soils and also for the remediation of wastewater contaminated with heavy metals. The author
of [11] reported that the addition of PO4

3− in wastewater results in numerous stabilization reactions.
During these stabilization reactions, sorption of metals that are present in wastewater occur on
particulate surfaces [12,13]. Furthermore, new surface metal precipitates, discrete heterogeneous and
homogeneous metal precipitates are also formed. If biochar is modified with phosphate, it can be
helpful to increase the ability of biochar to remove heavy metals by enhancing its sorption ability [13].
Phosphate modification can be very helpful for heavy metal removal but only few studies have been
carried out in this regard.

The use of wheat straw biochar (WSB) has also been reported for the remediation of water
contaminated with heavy metals and organic chemicals [14]. However, raw WSB may not be
considered as a good material for the removal of heavy metals because of unavailability of sufficient
functional groups as well as less surface area. The present study was carried out to evaluate the potential
of WSB and WSB modified with H3PO4 to remove Cd from contaminated water. Adsorption capacities
and Cd removal efficiencies of non-modified WSB and WSB modified with H3PO4 were compared
after performing several batch experiments. To get insight into the microstructure and physical
characteristics of both biochars (WSB and AWSB), multiple instrumental techniques including Fourier
Transform Infrared spectroscopy (FTIR), Brunauer–Emmett–Teller (BET), Scanning electron microscopy
(SEM) and X-ray diffraction (XRD) were used. The influence of adsorbent parameters such as residence
time, solution pH, adsorbent dosage and concentration of adsorbate (Cd) are evaluated. Moreover,
the adsorption capacity of WSB and AWSB was compared with the literature and experimental data
were validated with equilibrium and kinetic sorption models.

2. Materials and Methods

2.1. Preparation and Characterization of Biochar

Wheat straw (WS) feedstock was obtained from the nearby farmer field (30.02◦ N, 72.21◦ E) to
prepare biochar. Feedstock was first dried in oven (70 ◦C) for 24 h and then was sieved through a
1 mm sieve). Biochar was prepared by a method described by [15] at 350 ◦C for 30 min @10 ◦C min−1.
Acidified wheat straw biochar (AWSB) was prepared using physical activation method with second
pyrolysis. The prepared biochar was mixed with a 30% phosphoric acid (H3PO4) for 24 h at 2:1 (H3PO4:
biochar). The acid treated biochar was washed with deionized (DI) water and then dried at 70 ◦C in an
oven for 24 h. After oven drying, the activated biochar was pyrolyzed again in furnace under the same
conditions as were used during the first pyrolysis.

A CHNS/O analyzer (2400 Series II, Perkin Elmer, Shelton, CT, USA) was used to find Carbon
(C), hydrogen (H), oxygen (O) and sulfur (S) content in WSB and AWSB with dry combustion.
The concentrations of phosphorus (P), potassium (K), iron (Fe), calcium (Ca), magnesium (Mg),
sodium (Na) and Cd in both adsorbents were determined by digestion process as described by [16].
All the chemicals that have been used during the analysis were of analytical grade. Moisture content of
the samples was measured on the basis of mass loss after drying samples at 105 ◦C, while volatile matter
was calculated on heating the samples in covered crucible for 10 min at 950 ◦C. Ash content in the samples
was found after drying the samples in open crucible at 750 ◦C until a constant mass was obtained.
FTIR spectra on the surface of WSB and AWSB was determined in absorbance mode by forming
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pellets with KI or KBr powder using Matson Polaris IR spectrophotometer. Surface morphological
characteristics of WSB and AWSB were found by scanning electron microscope (SEM) at 5 and 10 kV
with high magnification at 20 mm distance. Amorphous nature of WSB and AWSB was found using
X-ray diffraction (XRD). While Brunauer-Emmett-Teller (BET, Tristar II 3020) was used to measure the
BET surface area SBET, total pore volume Vt and average pore diameter Dp.

2.2. Measurement of Point of Zero Charge

Point of zero charge (PZC) of WSB and AWSB was measured by using an electrolyte solution [17].
Electrolyte solution was prepared by using NaCl (0.1 M) in distilled water and separated in 250 mL
conical flasks. The pH of the solution in flasks was maintained to 2, 4, 6 and 8 with NaOH and HCl
solutions (0.1 N) with pH meter (Milwaukee pH 55, Thailand). Dosage of 0.1 g of WSB and AWSB was
added in each flask separately. As a control, four flasks of pH 2, 4, 6 and 8 were used without WSB and
AWSB. All these flasks were shaken at 150 rpm for 24 h. After that, filtrate of the samples was obtained
and their pH was measured. A graph was plotted between initial pH (2, 4, 6 and 8) and final pH after
interaction of the material with electrolyte solution. The point of intersection of curve of the control
and curve with WSB and AWSB pH gave PZC.

2.3. Preparation of Synthetic Wastewater

Analytical grade cadmium nitrate (Cd (NO3)2; Merck) was used to prepare a stock solution of Cd
(1000 mg/L) in distilled water. Stock solution was diluted to prepare the working solutions of different
Cd concentrations (5, 10, 25, 50 and 100 mg/L).

2.4. Batch Experiment

A series of batch scale adsorption experiments for evaluating the affinity of adsorbents (WSB and
AWSB) for Cd sorption was performed in duplicate sets in 250 mL conical flasks having 100 mL of
Cd solution.

2.4.1. Effect of Adsorbent Dose and pH

Effective (optimum) dosage of WSB and AWSB for the removal of Cd was found by changing
their dosage from 0.5 to 8 g/L keeping other parameters constant. A measured quantity of WSB
and AWSB was taken in 100 mL Cd solution at fixed pH 6 and Cd concentration until equilibrium.
Effective dose was chosen on the basis of Cd removal (%) at different doses of WSB and AWSB. Impact of
solution pH on Cd adsorption and removal was evaluated at pH (2–8) by keeping other factors such as
initial concentration of Cd (25 mg/L), WSB and AWSB dosage 2 g/L and room temperature constant.
Samples were agitated on a rotary shaker and were collected at equilibrium.

2.4.2. Effect of Initial Cd Concentration and Time

Adsorption capacity and metal removal (%) by WSB and AWSB was determined at different
initial concentrations of Cd (5–100 mg/L) at constant pH 6, WSB (2 g/L) and AWSB (1 g/L) at room
temperature. Water samples were taken after 15, 30, 60, 90, 120 and 180 min until equilibrium
was reached in the solution. Water samples were shaken at 150 rpm with a mechanical shaker and
centrifuged for 10 min at 3000 rpm. The samples were filtered with a Whatman filter paper (0.45 µm).
Residual concentration of Cd was measured in the filtrate with Atomic Absorption Spectrophotometer
(AAS, PerkinElmer PinAAcle900F, Waltham, USA). The reliability of the Cd measurement was ensured
by running standard solutions of Cd after every 15 samples. The calibration curve obtained with
standard solutions of Cd using AAS had R2 = 0.9998.
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2.4.3. Adsorption and Removal Analysis

The mass of the Cd adsorbed per unit mass of the biochar (qe) (mg/g) at equilibrium was calculated
using Equation (1) from the initial concentration of Cd (mg/L) in solution Ci, concentration of Cd ions
at equilibrium Ce, dosage W (g) of WSB and AWSB, and volume V of Cd containing solution (L) [18,19].

qe =
(Ci −Ce

W

)
×V (1)

The removal of Cd ions (R) by WSB and AWSB was estimated with Equation (2).

R =

(Ci −C f

Ci

)
× 100 (2)

where Ci and C f are the initial and final concentrations of Cd (mg/L) in solution.

2.4.4. Modeling Equilibrium Sorption Data

Adsorption characteristics of WSB and AWSB were determined using four equilibrium
adsorption isotherm models namely Langmuir, Freundlich, Temkin and Dubinin-Radushkevich.
Langmuir isotherm model has been expressed in Equation (3) [19] and the values of adsorption
parameters KL and Qmax were calculated from the intercept and slope of the curve between Ce

qe
versus

Ce by using Equation (4):

qe =
KLCeQmax

1 + KLCe
(3)

Ce

qe
=

1
KLQmax

+
1

Qmax
Ce (4)

where Qmax gives the highest adsorption of Cd by WSB and AWSB (mg/g), KL is a constant calculated
from Langmuir mode (L/mg). Freundlich model has been empirically represented in Equation (5) [19].

qe = KFCe
1/n (5)

In Equation (5), qe indicates the Cd adsorbed per unit mass of the WSB and AWSB at equilibrium
(mg/g), Ce is the residual Cd concentration at equilibrium (mg/L), KF is the Freundlich sorption constant
and n gives the adsorption intensity of WSB and AWSB. The values of Freundlich model parameters
(n and KF) were determined using linearized form of the model (Equation (6)) [19].

ln qe = ln KF +
1
n

ln Ce (6)

Other two models employed for equilibrium adsorption are Temkin (Equation (7)) and Dubinin-
Radushkevich (DR) models (Equation (8)).

qe = B ln A + B ln Ce where B =
RT
b

(7)

ln qe = ln qm − kDRε
2 where ε =

[
RT ln

(
1 +

1
Ce

)]
(8)

In Equation (7), A and B are Temkin isotherm constants (L/g) and sorption energy (J/mol), respectively.
The R is the gas constant (J/mol/K), b is the Temkin isotherm model constant linked to the energy
parameter B. While qm indicates the theoretical sorption (mg/g), kDR is Dubinin-Radushkevich constant
indicating mean sorption energy. The values of models parameters were found following [19].
The adsorption kinetics were evaluated with WSB (0.2 g) and AWSB (0.1 g) at Cd concentration of
50 mg/L and pH 6. The samples were taken in 10 mL plastic bottles at room temperature after 15, 30,
60, 90, 120 and 180 min of shaking. To validate the kinetic response of the Cd removal by both WSB
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and AWSB; pseudo-first order, pseudo-second order, intra-particle and Elovich models were employed
(Equation 9) [20,21].

log(qe − qt) = log qe −
k1

2.303 t (Pseudo-first order)
t
qt
= 1

k2qe2 +
t
qt

(Pseudo- sec ond order)

qt = kdi f
√

t + C (Intra-particle diffusion)

qt =
1
β ln(αβ) + 1

β ln t (Elovich)

(9)

where qe stands for the simulated equilibrium adsorption (mg/g), qe is the kinetic adsorption at time
t (min), k1 indicates the pseudo-first order adsorption rate constant (1/min), k2 pseudo-second order
adsorption rate constant (g/mg/min), kdi f indicates intra-particle diffusion constant (mg/g/min0.5), C is
a constant representing boundary layer thickness (mg/g), α is the initial adsorption rate (mg/g/min)
calculated in Elovich model and β is the magnitude of the surface area covered by the Cd ions (g/mg).

2.5. Laboratory Scale Column Experiments and Reusability of the Biochar

Column experiments on laboratory scale were carried out at steady state in duplicate sets using
plexiglass columns with the dimensions and arrangement given in Figure 1. About 5 g of WSB and
AWSB was wet-packed separately as an interlayer between acid-cleaned quartz sand (0.2–0.5 mm)
and gravel (2–2.5 mm) purchased from local market. After filling, the columns were initially flushed
with distilled water for 1 h. The experiment was carried out at four different initial concentrations
of Cd (25, 50 and 100 mg/L) at flow rate 2.1 mL/min at pH 5 (optimized in batch scale experiments).
The effluent was collected after 10, 30, 60, 90, 120, 180, 240, 300, 330, 390, 600, 660, 720, 810, 900, 960,
1020 and 1080 min to determine the Cd concentration after retention of the contaminant at WSB and
AWSB surface. The flow rate (2.1 mL/min) at inlet and outlet sides was maintained with a peristaltic
pump at each end. The acronyms R1 and R2 in Figure 1 represent replication one and replication two
of the column experiments. To evaluate the reusability of WSB and AWSB, after each experimental
run, the columns were flushed with 1% HCl solution and then flushed with distilled water for 30 min
before starting injection of the next concentration in columns.
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3. Results and Discussion

3.1. Characterization of Biochars

3.1.1. Fourier Transform Infrared Spectra (FTIR)

Various functional groups on the surface of biochars before and after the removal of Cd are shown
in Figure 2A,B. The WSB and AWSB showed variation in absorbance peaks responsible for difference
in Cd removal from the contaminated water. The area under absorbance peak in case of WSB was
smaller as compared to AWSB. More hydroxyl functional groups (–OH) were observed in WSB at
3600–3300 cm−1, while O–H stretching bands were less in AWSB.Water 2019, 11, x FOR PEER REVIEW 7 of 17 
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Figure 2. Fourier Transform Infrared (FTIR) spectra of Cd loaded and unloaded wheat straw biochar
(WSB, (A)) and acid activated wheat straw biochar (AWSB, (B)); Scanning electron microscopy (SEM)
images of WSB (C) and AWSB (D).

The results indicated that phosphoric acid (H3PO4) worked as dehydrating agent and reacted
with raw biochar (WSB) [22,23]. Addition of H3PO4 helped to reduce a substantial amount of hydrogen
because asymmetric stretching of C–H at 2924 cm−1 was observed in AWSB. This decline (171%) in
hydrogen content has also been observed in Table 1. Variation in absorbance peaks was observed in
WSB after Cd adsorption, the peaks changed from 3616 cm−1 (–OH) to 3486 cm−1. The WSB did not
show presence of aliphatic functional groups after Cd adsorption. However, the asymmetric C–H
stretching bands at 2940 cm−1 was observed in WSB before Cd adsorption, indicating the presence
of aliphatic functional groups. Both of the WSB and AWSB showed presence of carboxyl groups
and aromatic rings in the absorbance peaks attained at 1696 and 1585 cm−1, respectively [24,25].
Analysis of AWSB did not show the presence of C–H asymmetric at 1370 cm−1 and symmetric bending
at 1440 cm−1 [23]. However, after sorption of Cd, these bands were prevalent in AWSB. Presence of
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lactone and carbonyl groups was also observed at 1582 cm–1 in WSB, and at 1585 cm−1 in AWSB [26].
A decline in a series of very complex bands was observed in AWSB in the range of 1000–1260 cm−1.

Table 1. Various properties of wheat straw biochar (WSB) and acid wheat straw biochar (AWSB).

Parameters WSB AWSB

Moisture % 5.83 ± 0.18 4.25 ± 0.25
Volatile matters % 23.23 ± 0.25 41.50 ± 0.50

Fixed carbon % 64.43 ± 0.71 44.30 ± 0.50
Ash content % 12.50 ± 0.50 14.23 ± 0.25

C (mg/g) 74.27 ± 0.70 68.23 ± 0.55
H (mg/g) 5.90 ± 0.18 2.17 ± 0.30
O (mg/g) 14.48 ± 0.50 25.50 ± 0.50
P (mg/g) 0.54 ± 0.11 3.69 ± 0.20
K (mg/g) 10.43 ± 0.25 0.30 ± 0.20
Ca (mg/g) 8.95 ± 0.20 3.82 ± 0.20
Mg (mg/g) 4.01 ± 0.20 1.25 ± 0.25
S (mg/g) 0.63 ± 0.13 0.31 ± 0.20

Na (mg/g) 0.97 ± 0.13 0.12 ± 0.08
Fe (mg/g) 8.20 ± 0.20 6.24 ± 0.25

pH 7.95 ± 0.10 3.7 ± 0.13
SBET (m2/g) 207.33 ± 12.01 471.67 ± 17.56
Vt (cm3/g) 0.12 ± 0.04 0.45 ± 0.05
Dp (nm) 5.94 ± 0.22 11.25 ± 0.25

Vibration of (–OH) group can be observed at 3434 cm−1 in fiber sources and this vibration indicates
the adsorption of metals present in contaminated water [1,2]. Presence of methyle and methylene
groups (C–H) was observed at 2960 to 2924 cm−1 [27]. FTIR spectra showed that the functional groups
such as alkane (C–H), carbonyls (C=O) and alcoholic (–OH) observed on WSB and AWSB surface
might have significantly contributed to the adsorption of Cd ions from contaminated water.

3.1.2. Scanning Electron Microscopy (SEM) and BET Analysis

The SEM results showed the surface morphology of WSB and AWSB (Figure 2C,D). It has been
shown that thermal treatment of biochar resulted in increased graphitization effect and that probably
could be due to the reason that biochar possessed turbostratic structure [28]. The activation of WSB
with H3PO4 has changed the macro-pores into micro-pores that was observed on the surface of
AWSB. Furthermore, the micro-pores were interlinked with meso-pores and this made it easy to access
macro-pores present in inner surface, hence, showing larger surface area [29,30]. Acid treatment
increased the area of AWSB (471.67 m2/g) by 2.27 times as compared to the area of WSB (207.33 m2/g).
Furthermore, acid treated WSB also showed increased porosity and enhanced absorption capacity
of biochar.

3.1.3. XRD Analysis

The XRD analysis showed the crystalline nature and revealed the structure of aromatic layers as
indicated by the extremes at 2θ (20–30◦) (Figure 3A,B). Crystallites perpendicular to aromatic layers
have small dimensions and broadening is the result of these small dimensions [31]. Existence of
inorganic components such as crystalline SiO2 has been indicated by sharp and the strongest peak at
2θ = 28.61◦ [32]. XRD results showed that the surface of WSB and AWSB could be heterogeneous.
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3.1.4. Elemental Analysis

Elemental analysis for C, H, O, S, P, K, Fe, Ca, Mg, K, S, Na and Cd in both WSB and AWSB was
performed (Table 1). It has also been shown the volatile matter, moisture content, fixed carbon and ash
carbon (Table 1).

3.2. Measurement of PZC

To evaluate the nature (acidity/basicity) of WSB and AWSB, PZC was measured with an electrolyte
solution. It determined the pH where net surface charge of carbon material has been zero resulting
from interaction between WSB, AWSB and electrolyte solution. The functional groups, protonation and
deprotonation on the surface of WSB and AWSB influenced the determination of pHpzc. The pHpzc of
the WSB was 5.3 and the pHpzc of the AWSB was 3.7. So, if pH has been less than pHpzc, the surface
of WSB and AWSB would be positively charged and if pH > pHpzc, then surface of WSB and AWSB
would be negatively charged [33].

3.3. Optimization for Cd Removal and Adsorption

Adsorption has been influenced by many factors, such as pH, dose of WSB and AWSB, shaking time
and initial Cd concentration in aqueous solution. Therefore, these parameters were investigated to
achieve optimum removal efficiency.

3.3.1. Effect of Adsorbent Dosage and pH

One of the important factors controlling removal of contaminants from aqueous systems was
dosage of the adsorbent material. Figure 4A,B showed Cd adsorption (mg/g) and its removal (%) from
Cd contaminated water, respectively. The maximum Cd was adsorbed at the dosage 0.5 g/L of WSB and
AWSB. The adsorption of Cd on biochar surface decreased with increase in dose of WSB and AWSB.
The Cd adsorption on AWSB was higher (60 mg/g) as compared to adsorption on WSB (40 mg/g) at
the dose of 0.5 g/L. In case of Cd removal (%), the optimum dosage of WSB and AWSB was 2 g/L and
1 g/L, respectively. The Cd removal by AWSB was higher than that of WSB. The removal increased
from 61 to 86% for AWSB. However, the removal increased from 35% to 62% for WSB. The difference
in Cd adsorbed on surface of biochar was more prominent when adsorbent mass added into Cd
contaminated water was the lowest (i.e., 0.5 and 1 g/L). This difference was pronounced as the dose of
adsorbent increased, for example from 2 g/L to 8 g/L (Figure 4B). However, at each adsorbent dose,
the Cd removed from contaminated water was always less in WSB as compared to AWSB (Figure 4B).
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(5–100 mg/L; (F) amended with WSB (2 g/L) and AWSB (1 g/L).

The increment in the dosage of WSB and AWSB (0.5 to 8.0 g/L) resulted in decline of Cd adsorption;
however, it increased Cd removal (Figure 4A,B). This happened because of larger surface area and
higher number of adsorption sites [34–36]. The results showed that the increment in the dosage of
WSB and AWSB enhanced the removal efficiency of Cd, but there was a decline in Cd sorption per
unit mass. This decrease in Cd adsorption could be attributed to incomplete usage of adsorption sites
or due to formation of aggregates in response to high adsorbent dosage [19,37,38]. The results of the
present study are in complete agreement with literature [39], where adsorption of Cd decreased when
adsorbent dose was increased. The difference in Cd removal with adsorbent WSB decreases after 2 g
dose and in AWSB it decreased after 1 g dose. This may have happened because of the establishment
of an equilibrium between WSB, AWSB and Cd concentration in the solution [40].

The pH of contaminated water also affects the adsorption of Cd by WSB and AWSB because
it can change the charges present on the surface of WSB and AWSB thereby influencing the ionic
strength of the solution [33]. The results showed that difference between WSB and AWSB in the
Cd removal efficiency and adsorption capacity stays the same even after changing the pH of the
solution (Figure 4C,D). But the adsorbent treated with phosphoric acid (AWSB) performed better for Cd
remediation than WSB. The adsorption of Cd decreases with decrease in pH, and the lowest adsorption
was recorded when pH of solution was 2. The adsorption of Cd and removal efficiency increased at
higher pH of Cd contaminated water. Maximum Cd was removed at pH 6.0 for both biochars (WSB
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and AWSB). However, adsorption capacity (mg/g) started to decrease when pH was changed from
6.0 to 8.0. Results revealed that the Cd removal efficiency improved from 35% to 82% when pH was
varied from 2.0 to 6.0 for WSB. On the other hand, removal efficiency was more prominent in AWSB
(45 to 98%) when pH was changed from 2.0–6.0 while Cd adsorption by WSB enhanced from 16 to
41 mg/g when pH changed from 2.0–6.0. However, AWSB showed higher Cd adsorption (23–48 mg/g)
than WSB.

This decline in adsorption efficiency at low pH may be attributed to the abundance of H+ ions
because they result in solid competition with Cd for the available adsorption sites of WSB and AWSB.
However, adsorption capacity was improved with increase in pH due to the increased negative
charges on biochars resulting from deprotonation of carboxylic and hydroxyl functional groups.
Literature shows that adsorption of the heavy metals increases when there is an increase in solution
pH [36,41,42]. It may be credited to the reduced competition among protons and Cd ions to occupy the
available sorption sites. Moreover, the number of binding sites is improved at higher pH leading to
increase in total metal adsorbed on the adsorbent surface [36,42].

Moreover, pH effect on the Cd adsorption can be described from the results of pHpzc for both
adsorbents (WSB and AWSB). The results of pHpzc showed that the pHpzc for WSB was higher (5.3)
as compared with AWSB (3.7) (Figure 4C,D). If the pH < pHpzc it can reduce Cd removal efficiency
because of likely electrostatic repulsion among positively charged ions of H+ and Cd. Adsorption of
Cd is enhanced when pH is increased because of electrostatic forces of attraction between surface
of WSB and AWSB containing negative charges and positive Cd ions. The current study showed
maximum removal of Cd at pH 6, which is also applicable in the environment as most of the water
resources have pH in the range 6–8.

3.3.2. Effect of Initial Cd Concentration and Contact Time

Figure 4E,F presents the effect of shaking time (0–180 min) on the amount of Cd adsorbed
per unit mass of WSB and AWSB (qt) and removal at different Cd concentrations (10–100 mg/L).
Comparison between AWSB and WSB revealed that AWSB showed maximum adsorption and removal
of Cd ions in 60 min, while WSB took 90 min. The Cd adsorption by WSB changed from 2.3 to 28.2 mg/g
after 90 min of shaking when Cd levels varied from 5 to 100 mg/L, respectively. However, in case of
AWSB at equilibrium, an increase in adsorption capacity (4.9 to 68.6 mg/g) was observed, while the Cd
removal decreased from 89.9% to 69%. The adsorption process was of biphasic nature. Firstly, fast Cd
adsorption was noticed within 90 min by WSB and 60 min by AWSB, following which the adsorption
rate became slow due to equilibrium. The results revealed that Cd removal was relatively higher
and adsorption capacity of both adsorbents showed decline when initial concentration of the Cd was
increased. The results showed that AWSB performed better as compared with WSB for Cd removal
from contaminated water. There was a slight variation in adsorption of Cd on AWSB (4 mg/g) and
WSB (2 mg/g) at initial Cd level 5 mg/L while this difference was improved with increment in initial Cd
levels. The results showed that qt for WSB was less (20.5 mg/g) than AWSB (68.6 mg/g) after 60 min of
agitation at 100 mg Cd/L. A comparison between Cd removal by adsorbents at initial concentration
(5 mg/L) showed that WSB removed 92% Cd as compared with AWSB (99%) (Figure 4E,F).

The presence of electrostatic field around the adsorbent was the main reason behind enhanced Cd
adsorption when initial levels of Cd increased in the solution [43]. The adsorption of Cd on adsorbents
was quicker at initial Cd concentration due to the fast adsorption process, which was associated with
its activation energy [44]. After fast adsorption, the adsorption of Cd on adsorbents became slow
because of the rearrangement of adsorbed Cd on the adsorbent surface, which caused better utilization
of active adsorption sites.

3.4. Cadmium Removal from Laboratory Scale Column Experiments and Reusability of The Biochar

Figure 5 shows Cd removal (a, b) by WSB and AWSB, respectively, at three different initial
concentrations of Cd (25, 50 and 100 mg/L) in laboratory scale column experiments carried out
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with continuous injection of Cd contaminated water at steady state. These laboratory scale column
experiments were carried out at fixed dosage, pH, and temperature. The samples were collected from
each column after 10, 30, 60, 90, 120, 180, 240, 300, 330, 390, 600, 660, 720, 810, 900, 960, 1020 and
1080 min. The breakthrough curves for Cd removal show that maximum Cd was removed with AWSB
in first 90 min when injected Cd concentration changed from 25–100 mg/L as compared with WSB.
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having different initial concentrations of Cd (25, 50 and 100 mg/L) in response to WSB and AWSB dose
(5 g/column).

Inlet concentration of contaminant is a significant factor affecting the performance of column
experiments as it is the driving force for the transport of the adsorbate molecules towards the adsorbent
surface [32,45]. In first 90 min, Cd removal changed from 89.2–93.35% and 92.3–95.6%, respectively by
WSB and AWSB when Cd concentration varied from 100–25 mg/L. While after 240 min, WSB showed
71.6–77.5% removal and 78.4–86.28% Cd was removed by AWSB when initial concentration of Cd
was varied from 100–25 mg/L. However, there was a decline in Cd removal with increase in initial
concentration of Cd at a given time. The difference in Cd removal between 25 and 50 mg/L is less than
the Cd removal between 50 and 100 mg/L. This maximum removal of Cd by WSB and AWSB might be
attributed to the dosage (5 g) and higher potential of WSB and AWSB due to the presence of different
functional groups as shown in FTIR spectroscopy. The dosage or bed height of the adsorbent primarily
affects the total uptake of a contaminant by the adsorbent [7,45]. At higher dosage (5 g/column) of
WSB and AWSB, there is more contact of Cd with the adsorbents, which led to maximum removal of
Cd at column scale. In future studies, column scale studies will be conducted to evaluate the effects of
different process parameters: bed height, flow rate, temperature etc.

For reusability of WSB and AWSB, each column was flushed with 1% HCl solution for 2 h to
remove/desorb the Cd and then with distilled water for 30 min before injection of new concentration of
Cd containing water. Over all, WSB and AWSB has excellent reusability for Cd removal.

3.5. Study of Adsorption Isotherm Modeling

Efficiency of Cd sorption on the surface of WSB and AWSB was studied using adsorption isotherm
models. It was found that Freundlich isotherm model better explained the Cd equilibrium sorption
data with WSB and AWSB due to heterogeneous surface as compared with other isotherms (Langmuir,
Temkin and Dubinin-Radushkevich) (Table 2). The R2 of isotherm plots were >0.98 with Freundlich
model. Furthermore, activation of WSB with acid improved adsorption characteristics of biochar
surface because of heterogeneous surface as confirmed with SEM. The linear plots with Temkin
and Dubinin-Radushkevich yielded less R2 (0.68–0.87) indicating less suitability (Table 2). Hence,
the highest adsorption of WSB and AWSB illustrated from Langmuir model were 31.65 and 74.63 mg/g,
respectively. Moreover, it was also higher than activated carbons produced by using wood and bark as
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feedstock material (0.34–5.40 mg/g) [7] and activated carbons available for sale in markets (8.00 mg/g).
Furthermore, biochars derived from pig and cow manure yielded Qmax ranging from 78.2 to 118 mg/g [41].

Table 2. Parameters of adsorption isotherm models at constant temperature (room temperature), pH 6
and optimum dose of WSB (dosage = 2 g/L) and AWSB (dosage = 1 g/L).

Models Langmuir Freundlich Temkin Dubinin-Radushkevich

Parameters KL Qmax R2 KF n R2 KT B R2 qm kDR E R2

WSB 0.871 31.65 0.849 3.46 1.87 0.982 1.92 478.3 0.856 13.33 0.247 1.4 0.694
AWSB 0.271 74.63 0.967 15.95 2.37 0.996 12.55 255.9 0.870 32.79 0.038 3.6 0.689

The values of n are important to show whether the adsorbent materials are appropriate for Cd
adsorption. In our case, the values of n showed that WSB and AWSB favored the Cd adsorption.
The Cd sorption potential of AWSB was approximately four times the WSB as inferred from the values
of KF, 15.95 and 3.46, respectively. Specifically, KF values improved considerably for AWSB, probably as
a result of the increased surface area (Table 1). It resulted in a higher concentration gradient driven
movement of Cd ions into pore spaces of AWSB (Figure 2C,D). Considerably, greater Freundlich
adsorption constant (KF) values obtained with AWSB suggest its efficient application for the removal
of Cd ions from contaminated water.

3.6. Adsorption Kinetics of Cd

In the present work, pseudo-first order, pseudo-second order, intra-particle diffusion and Elovich
kinetic models were used to describe the kinetic adsorption of Cd onto WSB and AWSB. The parameters
calculated for Cd adsorption by using kinetic models are presented in Table 3. The coefficient of
determination (R2) in kinetic studies showed that Cd adsorption fitted well with pseudo-second
order kinetic model rather than pseudo-first order, intra-particle diffusion and Elovich kinetic models.
Furthermore, second-order kinetic model gave maximum correlation coefficients (R2 = 0.978–0.997)
indicating possible chemisorption of the Cd onto surface of adsorbents (WSB and AWSB) [46,47].
The results showed that qe values of pseudo-second order kinetic model with AWSB and WSB were
34.84 mg/g and 16.18 mg/g, respectively. It is reported that the second order kinetic model can easily
describe details about metals retained on biochar and activated carbon [48]. In the present study,
results indicate that chemisorption might be the rate controlling mechanism, suggesting possible
sharing of electrons between Cd ions and WSB and AWSB [36].

Table 3. Parameters of kinetic models at initial Cd concentration (25 mg/L), constant temperature
(room temperature), pH 6 and optimum dose of WSB (dosage = 2 g/L) and AWSB (dosage = 1 g/L).

Models Pseudo-First Order Pseudo-Second Order Intra-Particle Diffusion Elovich

Parameters k1 qe R2 k2 qe R2 kdif C R2 α β R2

WSB 0.239 11.95 0.803 0.0025 16.18 0.987 0.545 5.54 0.725 4.49 0.658 0.879
AWSB 0.514 26.38 0.743 0.0030 34.84 0.996 1.10 15.38 0.550 5.05 0.356 0.725

3.7. Comparison of Cd Sorption Capacity with Other Adsorbents

The Cd adsorption on WSB and AWSB (mg/g) was compared with different adsorbents used in
previous studies for the Cd removal (Table 4). The adsorption capacities reported by other researchers
varied greatly among different adsorbents. The reason behind this variation can be different chemical
composition and surface characteristics, particle size and presence of certain functional groups [21,49].
In the present work, the biochar was prepared with wheat straw, which contains significant amounts
of lignin (24.1%), cellulose (32.6%) and hemicellulose (22.2%) [50]. This was the reason that the biochar
produced with crop straws e.g., WS possessed high surface area and more developed pore spaces in
comparison with other feed stock materials [51]. This characteristic along with other properties such
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as heterogeneous surface, existence of carbon-oxygen functional group, made WSB an adsorbent of
choice as compared with other adsorbents. Furthermore, the pyrolysis and addition of phosphoric acid
further enhanced the adsorption capacity of WSB because of the modifications in surface characteristics
of the adsorbent (functional groups). It is reported that biochar produced with ligno-cellulosic material
as a feedstock adsorbed metal with the help of chemical charged groups (e.g., amino and carboxylic
etc.). It is attributed to the enhanced metal sorption of AWSB as compared with WSB due to the surface
modification with phosphoric acid.

Table 4. Comparative analysis of sorption capacity (mg/g) of various plant-based biochars.

Feedstock Qmax Reference

Water hyacinth 70.30 [11]
KOH activated Cassava stem 24.88 [30]

Cassava stem 10.46 [30]
Peanut shells 32.00 [37]

Phosphate modified activated bamboo 202.55 [52]
Bamboo 24.95 [52]

Canna indica 188.80 [53]
Ipomoea fistulosa 41.67–72.43 [54]
Dairy manure 54.60 [55]

Eichornia Crassipes 49.84 [56]
Wheat straw 45.00 [57]
Grape husk 29.20 [57]
Rice straw 34.13 [58]

Buffalo weed 11.63 [59]
Wheat straw 31.65–74.63 Present study

4. Conclusions

The results revealed that the surface modification of biochar significantly improved the surface
properties, thereby improving performance for Cd removal. Therefore, more Cd (99%) was removed
with AWSB from water as compared with WSB. The Cd removal was improved at higher dosage of
each sorbent (WSB and AWSB) from 0.5 to 8 g/L. However, the optimum dose of WSB and AWSB for
Cd removal was 2 g/L and 1.0 g/L, respectively. Removal of Cd changed from 56–90% and 70–99% with
WSB and AWSB, respectively, when initial concentration of Cd varied from 100–5 mg/L. The maximum
Cd was removed at pH 6 with both WSB and AWSB. The adsorption experimental data obtained
with WSB and AWSB adsorbents fitted well with Freundlich isotherm as compared with Langmuir,
Temkin and Dubinin-Radushkevich models. The increased Cd removal efficiency from 69% to 99%
with acid treatment is accredited to the enhanced BET surface area and removal of impurities from
particles surface with acid, thereby changing functional groups on AWSB. The experimental kinetic
data was well described with pseudo-second order kinetic model in comparison with pseudo-first order,
intra-particle diffusion and Elovich models. Laboratory scale column experiments showed excellent
retention of Cd with WSB and AWSB even at 100 mg Cd/L. This study concluded that activated wheat
straw biochar is a cost-effective adsorbent for Cd removal from wastewater and have the potential for
the removal of organic and inorganic pollutants.
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