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Abstract

This study highlights the advantageous effect of magnetic biochar (MLC) over conventional activated biochar (ALC) used for
chromium adsorption from the aqueous solution. The synthesis of MLC was done using an invasive noxious weed “Lantana
camara” with impregnation of iron chloride (FeCls) on biochar surface at 25 °C. The optimum process parameters such as pH
(3.01), adsorbent concentration (1.82 g/L), and adsorbate amount (161.23 mg/L) for the maximum chromium adsorption have
been calculated using response surface methodology coupled with central composite design. Successful impregnation of iron on
biochar with pre and post adsorption analysis has been confirmed using various characterization techniques viz. vibrating sample
magnetometry (VSM), field emission scanning electron microscope (FESEM-EDX), Fourier transform infrared (FTIR), and X-
ray diffraction (XRD). Among various adsorption isotherms studied, Langmuir isotherm best fits the pseudo-second-order
kinetic model for analysis of actual adsorption behavior of Cr®* ions on ALC and MLC surfaces. Biochar MLC exhibited the
maximum chromium adsorption capacity of 102.03 mg/g as compared to low chromium adsorption of 94.69 mg/g using
conventional ALC biochar.
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1 Introduction metal pollutants, being present in both surface and groundwa-

ter either in single chromium Cr (0) or in heavy metal complex

Metal or metalloids with a specific density higher than 5 g/cm®
can be generally categorized as heavy metals. With the con-
tinued increase in heavy metal concentration in the environ-
ment due to human activities and at places due to natural
occurrences, there exists a serious global threat given the long
biological half-life, high toxicity, bio-accumulative nature,
and the carcinogenic effects of these compounds [1]. Among
all heavy metals, chromium (Cr) is known as one of the major
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in trivalent (Cr’*) or hexavalent (Cr®") form. According to the
United States Environmental Protection Agency (USEPA),
the permissible limit of Cr in potable water is 0.1 mg/L [2],
and 0.05 mg/L is limited by the Bureau of Indian Standard [3].
Various industries associated with activities such as alloying,
textile dyes and mordants, pigments, ceramic glazes, tanning,
electroplating, and many more directly release Cr into the
environment through the discharge of wastewater effluent.
The hexavalent Cr®" which contains the chromium in +6 ox-
idation state is considered more vulnerable and highly toxic
owing to its greater solubility, high oxidizing potential, and
easy mobility across the membranes in living organisms [4, 5].
Exposure of Cr®* to humans or animals in the form of inhala-
tion or drinking water can cause various carcinogenic, muta-
genic, and teratogenic effects [6].

Applications of various techniques such as solvent extrac-
tion, membrane separation, electrocoagulation, reduction, re-
verse osmosis, and photo-reduction are employed for removal
of Cr from wastewater. However, most of these processes are
energy and reagent-intensive, less efficient, and costly [7].
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Therefore, alternative technology and more common method
such as adsorption technology is more preferable and widely
accepted for Cr®" or metal removal due to its low energy
consumption and cost-effectiveness [8, 9]. In this regard, uti-
lization of natural materials such as detox tea waste, acorn
shell, eggshell, olive mill waste, peanuts, and brewed tea
waste has gained momentum in the recent decade [10-12].

Biochar is a pyrogenic carbon-rich material generated from
biomass in the absence of or under limited oxygen conditions.
Its porous structure, abundant oxygenated functional groups,
aromatic surfaces, high surface-to-volume ratio, and large sur-
face area make biochar an excellent bio-adsorbent suitable for
Cr®* adsorption from aqueous solution [13]. The use of bio-
char as expulsion of metallic contaminants like Pb, Cu, Cd,
Zn, Ni, and As from aqueous solutions have been reported
earlier by many researchers [4, 14]. The mechanisms during
removal of metal ions involve various techniques viz. electro-
static interactions, ionic exchange, precipitation/co-precipita-
tion, and metal complexation with free functional groups in-
volved with physical adsorption [15, 16]. Various studies sug-
gest that the sorption capacity of the pristine biochar is limited
and unsatisfactory [5, 17, 18]. Therefore, to further enhance
the sorption capacity of biochar, various modified methods
have been also developed such as alkali modification, mag-
netic biochars, and nanoparticle doped biochars [10, 19, 20].
Activation of the pristine biochar potentially has several ad-
vantages such as enhancement of its porosity, surface area,
electron conductivity, and increased surface functional groups
for adsorption process to take place. However, the inability to
efficiently remove highly soluble heavy metals from the solu-
tion, difficulties associated with adsorbent separation, and lon-
ger production duration are some of its drawbacks. In this
regard, the use of magnetic biochar could play a significant
role as the sorbent could be easily separated by using an ex-
ternal permanent magnetic field and there have been several
examples of such available in the literature [16].

Weeds are capable of causing nearly 32% of loss in crop
yield in India [21]. Lantana camara (LC) is an invasive nox-
ious weed and grows wild in disturbed areas. Loss of biodi-
versity due to the displacement of native biota, disruption of
succession cycle, and allelopathic effect are some of its nega-
tive impacts. It is also considered agricultural waste generated
during the cultivation of crops and extraction of some medic-
inal compounds [22-24]. Pyrolytic valorization of this weed
can, therefore, be a viable option for its management through
its conversion into bio-oil and other co-products such as bio-
char and syngas [25]. The major structural properties that help
in the activation of LC biomass are low inorganic mineral
content, high volatile contents, and compactness of the struc-
ture; the more the compactness of the material, the lesser the
penetration of activation agents [26, 27]. Activation and mag-
netization of biochar can be achieved via two processes: one-
step (pre-pyrolysis) or two-step process (post pyrolysis).
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Several studies have confirmed that the pre-pyrolysis magne-
tization of biochar has better sorption ability and stability at
varying pH conditions owing to the higher surface area, func-
tional groups, and Fe;O content in comparison to post pyrol-
ysis [28, 29]. However, in the case of alkali activation, post
pyrolysis activation has been found to produce biochar with
higher porosity and adsorption capacity as compared to the
one-step process [30].

Techniques used for adsorption of Cr®* from wastewater
possess various limitations in terms of the requirement of large
quantities of adsorbents, unexpected dose amount, and multi-
step processing. Optimization of these input variables using
response surface methodology (RSM) could be an alternative
and the most efficient way to find out the optimum concen-
tration of all input variables for maximum absorbance capac-
ity. Optimization of input variables can be accomplished by
employing RSM as a statistical tool [31], though a plethora of
work has been conducted to evaluate the removal efficiency of
modified biochar over pristine biochar applying various mod-
ification techniques such as alkali activation, magnetization,
and nano-particle impregnation. However, there is no infor-
mation available in the literature about the effectiveness of
Cr®* removal by magnetic biochar in comparison to activated
biochar and the optimization of chromium adsorption on mag-
netic biochar. The success of any adsorbent can be assessed by
its techno-economic feasibility for production at an industrial
scale. The production cost of an adsorbent is a vital compo-
nent in its marketing and application. The lack of information
regarding the techno-economic aspect between the lab-scale
and pilot-scale production of adsorbents acts as a barrier
against real application potential. The major cost that should
be considered is production cost, maintenance cost, feedstock
cost, transport cost, labor cost, distribution cost, and miscella-
neous to ensure long-term industrial practicability [32].

In this work, we have compared the removal efficiency of
crt using MLC and ALC biochar as adsorbents. For this, we
have optimized and compared the biochars’ input process var-
iables such as (i) pH, (ii) adsorbent dose quantity, and (iii)
initial metal (Cr) concentration for maximum adsorption effi-
ciency. Also, the interaction effect among various parameters
such as pH, dose quantity, and initial concentration of metal
ion solution on the adsorption was studied using response
surface methodology (RSM). Various adsorption isotherms
including Langmuir, Freundlich, and Temkin were also used
to study the mechanism of adsorption behavior. We have
employed the pre-pyrolysis and post pyrolysis processes for
the production of magnetic and activated biochar, respective-
ly. The preliminary adsorption studies showed that modified
biochars exhibited better adsorption performance; hence, we
did not attempt to optimize the process parameters for pristine
biochar (PLC) for comparison. In this article, we have also
tried to shed light on the techno-economic aspect of the pro-
duction of biochar or activated biochar for wastewater
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treatment. However, the adsorption FTIR spectra and EDX
spectra are been provided in the supplementary material (Fig
S1).

2 Materials and methods
2.1 Raw materials

Biomass “Lantana camara” (LC) which is an invasive nox-
ious weed was collected from Tezpur University campus,
Napaam (26°41/N and 92°50/E) Assam, India. The biomass
was washed several times with deionized water (DIW) follow-
ed by air-drying for evaporation of the moisture.
Subsequently, the biomass was firstly chopped into small
pieces (0.5-1.5 cm) and then reduced into size ~ 0.2 mm using
a grinder (Willy mill, SECOR Scientific Eng. Co.). The
ground biomass samples were oven-dried at 105 °C for 24 h
and stored in a desiccator for further synthesis of activated and
magnetic biochar.

2.2 Synthesis of Activated Biochar

The biochar was prepared in a fixed bed tubular quartz
reactor (300 mm x 24.7 mm x 2.3 mm) following the
protocol developed by Bordoloi et al. [33]. The detailed
information on the biochar preparation is given in the
supplementary material. Briefly, 40 ml of 4 M sodium
hydroxide (NaOH) aqueous solution was added to 3 g
of biochar, mixed thoroughly at room temperature for 2
h, and shaken at a regular interval of 15 min. The
mixture was filtered using a vacuum filter and dried
overnight in an oven at 105 °C. The dried sample was
heated in the quartz-tube reactor at 800 °C with a
heating rate of 3 °C/min under inert atmospheric condi-
tions (2 L/min N, flow) for 2 h. The activated sample
was cooled, washed with DIW followed by 0.1 M HCI
solution, and repeated several times with DIW until the
pH of the filtrate was neutral. The samples were dried
in an oven and stored in a desiccator and hereafter
referred to as ALC [34].

2.3 Synthesis of Magnetic Biochar

The raw biomass (10 g) was soaked for 2 h in a ferric chloride
solution (40 g of FeCl5-6H,0 in 60 ml of DI water) at room
temperature. The soaked biomass composites with irons were
vacuum-dried at 80 °C for 6 h followed by pyrolysis at 500 °C
for 1 h [19]. The composites of pyrolyzed biochar were further
crushed, sieved, and washed with DIW to remove any impu-
rities present. Finally, the composites of magnetic biochar
were dried at 80 °C and sealed in a desiccator for further
analysis.

2.4 Multivariate Experimental Design

RSM was employed to optimize the three independent vari-
ables viz, (1) solution pH, (2) adsorbent dosage, and (3) initial
metal (Cr) concentration in the solution for maximum adsor-
bate removal efficiency of ALC and MLC (Table 1). The
actual and coded values (—«, —1, 0, +1, +) of these indepen-
dent variables using central composite design (CCD) in
Design-Expert software (Version 10.0.6, Stat-Ease Inc., MN,
USA) are reported in Table 2.

The process parameters of the study were selected based on
similar studies reported in the literature [4, 35]. Using the
CCD, the total estimated experimental design was constituted
of 20 individual runs. The experiment was repeated three
times with the minimum standard deviation to ensure statisti-
cal significance of the results. The response variables of both
ALC and MLC were fitted with the use of generalized second-
order polynomial equation, including the interaction effect of
variables as shown below:

Y(%) = Bby + Y BiXi+ Y BiXsi+ X X B XiX
i i1

i=1j>1
+e (1)

where Y = predicted removal efficiency, 3¢ = constant coeffi-
cients, (3; = linear coefficients, {3;; = quadratic coefficients, (3,
= interaction coefficients, n= total number of experiments, and
X; and X are coded independent factor.

2.5 Characterization

The proximate and ultimate analysis of the raw biomass and
its respective biochars were performed following the ASTM
D3172-07a method. Parameters such as pH and electrical con-
ductivity were measured using a pH meter (EUTECH
Instruments pH 700) and a conductivity meter (Digital TDS/
Conductivity Meter MK509). The carbon sequestration poten-
tial of biochar was determined by considering the Rs, index as
reported elsewhere [33]. Zero-point charge (ZPC) of adsor-
bent was determined by salt addition method [14]. The surface
area of the biochar samples was measured from N, adsorption
data by using a gas sorption analyzer (NOVA-1000E; Quanta

Table 1 Experimental factors and level used in the CCD
Variables Symbols  Levels

—x -1 0 +1 +oc
pH A 0954 3 6 9 11.045
Dose (g/L) B 0.022 05 12 19 2377
Initial conc.(mg/L) C 0.570 50 1225 195 24443
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Table 2 Experimental design

matrix using central composite SL. A B C MLC (%) MLC (%)  ALC (%) ALC (%)

design for three independent no. pH Dose (g/L)  Initial conc.  Experimental  Fitted by = Experimental  Fitted by

variables (mg/L) model model
1 9 (1) 0.5 (1) 195 (-1) 57.65+0.10  58.543 4720+0.08 46974
2 6 (0) 1.2 (0) 122.5 (0) 83.74£0.07  84.687 68.58£0.11  74.605
3 11.04 (+)  1.2(0) 122.5 (0) 47.85+0.14  46.892 4043 +0.04 39.174
4 6 (0) 1.2 (0) 2244 (+a)  81.50+0.06  82.227 74.32+0.03  74.055
5 9 (+1) 1.9 (+1) 50 (-1) 55.92+0.05 58589 55.544+0.08  55.597
6 6 (0) 1.2 (0) 0.57 (—x) 69.65+0.09 72454 56.76 £0.02  61.336
7 6 (0) 1.2 (0) 122.5 (0) 84.73 £0.21 84.687 7643 +£0.04  74.605
8 6 (0) 1.2 (0) 122.5 (0) 88.73+£0.08  84.687 72.64+0.12  74.605
9 6 (0) 1.2 (0) 122.5 (0) 80.62+0.13  84.687 74.77+0.14  74.605
10 9 (+1) 0.5 (1) 50 (-1) 60.32+0.21 56379 4487+0.11 42420
11 6 (0) 1.2 (0) 122.5 (0) 85.91 £0.06 84.687 76.86+0.05  74.605
12 3¢ 0.5 (1) 195 (+1) 84.07+0.09  80.204 79.98 +£0.04  77.831
13 3¢ 1.9 (+1) 50 (-1) 93.42+0.08 91330 81.90+0.04  80.035
14 6 (0) 0.02 (—x) 122.5 (0) 60.40+£0.12 65316 5220+0.13  57.113
15 3¢ 1.9 (+1) 195 (+1) 95.76 £0.08  98.554 88.64 £0.07  88.999
16 9(+1) 1.9 (+1) 195 (+1) 61.87+0.04  62.947 56.87 £0.06 59.911
17 6 (0) 2.37 (+x) 122.5 (0) 85.87+0.05  82.647 79.54+0.04  77.585
18 3D 0.5(-1) 50 (-1) 7740 +0.07  75.126 73.76 £0.12  68.627
19 6 (0) 1.2 (0) 122.5 (0) 84.98+0.02  84.687 78.86 £0.24  74.605
20 0954 (—x) 1.2(0) 122.5 (0) 89.98 £0.04  92.635 81.45+0.09  85.667

Numbers in the bracket represent coded values of the variables, while numbers outside the bracket represent the
actual value of the parameter (for details, refer to Table 1)

chrome Corp.). Before conducting the measurements, the
samples were degassed for 6 h under vacuum at 473 K tem-
perature. Fourier transform infrared (FT-IR) spectroscopy
(Nicolet IR spectrometer) was used to determine the surface
functionality of biochars. The infrared spectra were collected
at room temperature (26 £ 2 °C) in the spectral range of 400—
4000 cm ™. The surface physical morphology was examined
using a field emission scanning electron microscope (FE-
SEM; Sigma, Zeiss). X-ray diffraction (XRD) measurements
were conducted on the powders using a Bruker Axs D8 Focus
instrument. Vibrating sample magnetometry (VSM;
Lakeshore, Model: 7410 series) was performed on both
MLC and ALC biochar to determine magnetic property.

2.6 Batch adsorption experiments

The adsorption experiments were carried out using a
batch procedure with 50 ml of the metal ions solutions
in a 250-ml Erlenmeyer flask at varying pH, dose, and
initial concentration as shown in Table 1. The solution
was agitated at 150 rpm at room temperature. The stock
solution of 1000 mg/L Cr®" was prepared by dissolving
analytical grade K,Cr,O; in DIW. All working solutions
were freshly prepared before use by diluting the stock
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solution with DIW, and the pH was adjusted with
dropwise addition of HCI or NaOH solutions. The con-
centration of Cr®" was analyzed with UV-VIS spectro-
photometer at a wavelength of 540 nm by using 1,5
diphenylcarbohyhydrazide (UV-2450, SHIMADZU).
The amount of Cr®" adsorbed on the samples was esti-
mated by measuring the difference in the initial (C,) and
the equilibrium solute concentration (C,). The adsorption
capacity (¢) and the amount of the Cr®" adsorbed from
the solution using the following equations [36]:

Cy-Ce)100
Removal% = 7( C ) (2)
0
Co-Co)V
g =SV °me) (3)

where C,= initial concentration of Cr®* (mg/L), C = concen-
tration of Cr®" at any time (mg/L), C.= equilibrium concen-
tration of Cr*" (mg/L), g. = adsorption capacity (mg/g), V =
volume of Cr®* solution (L), and m= weight of the adsorbent
(g).

The kinetic experiments were also carried out as similar to
equilibrium isotherm. The amount adsorbed at time ¢, g, (mg/
g) was calculated using Eq. (4):
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(Co-CyV
g = )
where C, and C; are the liquid-phase concentration at the
initial and any time ¢, respectively.

2.7 Reusability experiment

To study the reusability of the adsorbent, batch desorption
experiments were performed. In this, the treated adsorbent
was added in 50 ml of 0.5 M NaOH solution followed by
mixing at 30 °C for 240 min. The dispersed solution was
filtered and the filtrate’s metal ion concentration was evaluat-
ed using AAS. The adsorbent was washed and again 4 such
cycles of adsorption-desorption were repeated. Desorption ef-
ficiency is given as:

Q.

de

Wdesm‘ption 5 %o = 100 (5 )

where Wyesorption= desorption efficiency, Q. = adsorption ca-
pacity, and Qy4.= desorption capacity.

3 Results and discussion
3.1 Optimization of adsorbate removal efficiency

The response of actual and predicted chromium removal effi-
ciency using MLC and ALC using three independent vari-
ables are shown in Table 2.

Based on the highest order polynomial, a second-order
quadratic regression model was suggested by the software
for Cr®* removal efficiency of both MLC and ALC responses.
The fitted Eqgs. (6) and (7) are as follows:

Y (MLC%) = 45.67 + 4.89A + 34.56B + 0.17C
—0.58A%—7.72B%-5.56C>
~1.66AB-0.003 AC + 0.01BC

(6)
Y (ALC%) = 51.09 + 1.53A + 20.14B
+0.17C-0.47A%-5.23B%*-5.10C?
+0.21AB-5.34 AC-1.18 BC (7)

An examination of the data from Table 2 reveals that the
responses of removal efficiency obtained via quadratic model
fit matched closely the measured datasets. The fitness of the
model can also be confirmed from the parity chart with the
majority of values close to the 45° line from the origin
(supplementary Fig. S2). It was also observed that the coeffi-
cient of variance (C.V.)% for MLC (4.92) and ALC (6.36)

was <10% implying that the models are reproducible [37].
The determinant coefficients for MLC (R*= 0.962, Rz(adj)=
0.948, R*preay= 0.936) and ALC (R’= 0.951, R’ 4= 0.929,
and Rz(pred)= 0.763) from Table 3 and Table 4 signify that the
model fits well to the experimental data. It also suggests that
above 90% of the removal efficiency of both the adsorbent is
influenced by the process parameters. The positive model
terms represent an increase in response to the increase in the
optimization parameter, while the negative coefficients are
inversely proportional to the response. The parameter obtain-
ed from the analysis of variance (ANOVA) table indicates the
significance for MLC and ALC. The high F-value and p value
>0.05 for “Lack-of-fit” indicate that the regression model is
valid for chromium removal [38].

3.2 Influence of the single and interaction variables

The response surface 3-D plots for MLC with the interaction
of all three variables are depicted in Fig. la—c. Similarly, the
response surface 3-D plots for ALC with the interaction of all
three variables are depicted in Supplementary Fig. S3A-C.

3.2.1 Effect of pH

During adsorption of metal ions onto biochar, pH plays an
important role that affects the dissociation of functional
groups, surface charge, and degree of ionization of contami-
nants on the active adsorbent sites. The negative coefficients
of pH values —13.6 and —13.82 for MLC and ALC, respec-
tively, obtained from ANOVA shown in Tables 3A and 4A,
illustrate the reduction in removal efficiency with an increase
in solution pH. This implies that the metal (Cr®") removal
efficiency (%) using both ALC and MLC has an inverse rela-
tionship to the solution pH. The highest Cr®* removal was
observed at pH ~3 for both MLC and ALC. We observed that
with the increase in pH, the Removal% increased from 89% at
pH 1 to 95% at pH 3 for MLC and then exhibited a decline
with a further increase in pH value. This behavior may be
attributed to the fact that under acidic conditions, the dominant
species of Cr in aqueous solution is HCrO 4 and Cr,O,%
while the adsorbent is positively charged below pH 4, causing
electrostatic attractions among the adsorbate and adsorbent
[39]. The low adsorption free energy for HCrO 4 compared
to CrO,>~ facilitates its adsorption even at the same concen-
tration [40]. Cr®" reduction into Cr* is caused by electrons
present in carbon atomic ring and high redox potential value
[41]. The presence of persistent free radical (PFR) and surface
functional groups (C-O, C—O—-C, and O—C-0O bonds) in bio-
char is responsible for electron acceptance, donation, and
shuttle [42]. These functional groups consist of 7t-electron,
whereas PFRs act as free electrons due to the presence of
unpaired electrons in the core atoms [43, 44]. Therefore, it
can be inferred that PFRs and aromatic 7t-conjugated systems
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Table 3 Analysis of variance
(ANOVA), regression coefficient
estimate, and test of significance
for Cr®* removal

Model term

Constant
Linear coefficients

A-pH

B-dose

C-initial conc.

Square coefficients

pH>pH (4%)

Dosexdose (B%)

Initial conc.x initial conc. (C?)
Interaction coefficients

pH and dose (AxB)

pH and initial conc. (AxC)
Dose and initial conc. (BxC)

(A) Model coefficients, z- and p-values for second-order regression model (MLC)

(B) ANOVA for the quadratic model

Source DF
Regression
Linear

Square
Interaction
Residual (error)
Lack-of-fit
Pure error
Total 19

W = W W W O

Coefficient t-value p-value prob>F
86.69 54.99 0.000

—-13.60 -13.33 0.000

6.09 5.20 0.005

2.36 2.31 0.043

—5.28 —5.33 0.000

-3.78 -3.82 0.003

-2.92 -2.95 0.014

-3.49 —2.62 0.025

-0.72 —0.54 0.602

0.54 0.41 0.695

SS MS F-value p-value prob>F
3989.45 409.94 28.88 0.000
2964.82 988.27 18.25 0.000
103.64 34.55 0.59 0.633
620.99 207.00 14.58 0.000
141.96 14.20

108.94 21.79 3.30 0.108
33.02 6.60

3831.41

DF degree of freedom, SS sum of squares, MS mean square
*Significant p values, p < 0.05; B> = 0.952; R® (o) = 0.948, R* (preq) = 0.936

on the biochars facilitate reduction of Cr®* into Cr** via trans-
fer of electrons [45, 46] and has been shown through the
following equations:

R-OH," + HCrO4 «<>R-OH,Cry + H" (8)
HCrO4~ + 7H' 4 3¢ <Cr'" + 4H,0 (9)
CrO4 +8H" +3e «Cr’t +4H,0 (10)

Here, the electrons are provided by the biochar. Apart from
this, impregnation of iron on biochar results in the formation
of PFRs that reduces Fe** into Fe** which in turn facilitate the
reduction of Cr®" [46]. Biochar also acts as an electron shuttle
via two mechanisms viz. Geo-battery and geo-conductor re-
sults from the redox cycle of functional groups and the direct
electron transfer of graphic regions, respectively [47]. Cr®" in
the acidic pH is mostly in the form of HCrO,~, CrtO,*", and
H,CrO, and that can be reduced into Cr>*from the electron
(e") received from the negatively charged biochar surface. The
adsorption of Cr®" decreases at high pH due to electrostatic
repulsion between Cr®" and negatively charged biochar sur-
face and hence acidic adsorption at acidic pH is more prefer-
able [48] as shown in Egs. (9) and (10). Reduced Cr’* forms
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more stable chelate bonds compared to Cr®* with the adsor-
bent [49]. The decrease in the Cr®* removal% from 95% at pH
3 to 47.8% at pH 11 might be caused by the presence of
various other groups of FeOH on the surface of MLC resulting
in electrostatic repulsion between HCrO, and positively
charged MLC. In the case of ALC, the increase in “OH groups
hinders the diffusion of dichromate ions, thereby decreasing
removal efficiency. Another explanation is the complexation
between Cr®" and carboxylate surface groups which might be
responsible for the enhanced adsorption observed in the MLC
[40]. The interaction effect of pH with dosage amount and
initial adsorbate concentration initially shows that there is an
enhancement in Cr®* adsorption efficiency with an increase in
pH and thereafter it decreases after attaining the maximum
value. Another possible reason for an increase in adsorption
could be due to the simultaneous reduction and adsorption of
hexavalent chromium (Cr®") in the presence of positively
charged ALC and MLC biochars. A study of reduction and
adsorption of hexavalent chromium (Cr®") in presence of thiol
functionalized hybrid material is recently reported by Ifthikar
et al. [44, 46]. In their study, the authors have reported the
simultaneous reduction of Cr,0,%> into Cr’* along with
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Table 4 Analysis of variance
(ANOVA), regression coefficient
estimate, and test of significance
for Cr®* removal

Model term

Constant
Linear coefficients

A-pH

b-dose

C-initial conc.

Square coefficients

pH>pH (A%)

Dosexdose (B?)

Initial conc.x initial conc. (C?)
Interaction coefficients

pH and dose (AxB)

pH and initial conc. (AxC)
Dose and initial conc. (BxC)

(A) Model coefficients, z- and p-values for second-order regression model (ALC)

(B) ANOVA for the quadratic model

Source DF
Regression
Linear

Square
Interaction
Residual (error)
Lack-of-fit
Pure error
Total 19

W = W W W O

Coefficient t-value p-value prob>F
74.61 42.15 0.000

—-13.82 11.81 0.000

5.15 5.04 0.000

3.38 2.88 0.016

—4.31 -3.78 0.003

-2.57 -2.25 0.048

—2.68 -2.35 0.040

0.44 0.28 0.778

-1.16 -0.75 0.465

—0.06 —-0.03 0.969

SS MS F-value p-value prob>F
3680.38 408.93 21.81 0.000
3271.59 1090.53 29.26 0.000
12.41 4.14 0.09 0.963
396.39 132.13 7.05 0.007
187.48 18.75

120.81 24.16 1.81 0.265
66.67 13.33

3867.86

DF degree of freedom, SS sum of squares, MS mean square
*Significant p values, p < 0.05; R* = 0.962; R* (ogj, = 0.929, and R* (preq) = 0.763

adsorption of Cr species into a functionalized hybrid in acidic
pH 3. From a detailed kinetic study using various kinetic
models, it has been concluded that the reduction of Cr2072_
into Cr’* is faster as compared to the adsorption of Cr,05%
into Cr**.

3.2.2 Effect of adsorbent dosage

The positive coefficient of dosage amount obtained from
ANOVA as summarized in Table 3 and Table 4A illus-
trated that an increase in the dosage concentration in-
creased the metal removal efficiency using both ALC
and MLC biochar due to enhancement in surface area
and adsorption sites of the biochar. However, as com-
pared to the ALC biochar, MLC is presumed to be
more effective because of high coefficient dosage value
of 6.09 overdosage value of 5.15 using ALC (Table 3
and Table 4). The increase in the removal efficiency
with the increase in the adsorbent indicates the increase
in binding/exchangeable sites [50]. However, a reduc-
tion in removal efficiency after the optimum point is
due to the overlapping of active sites caused by

crowding of adsorbents [51]. Additionally, the high
H/C, O/C ratio, and presence of oxygen-containing acid-
ic functional groups (carboxyl and/or hydroxyl) in MLC
enable metal chelation. Hence, it can be inferred that
the number of exchange sites in the MLC is greater
than the ALC.

3.2.3 Effect of initial concentration

The results of the effect of the initial concentration of
Cr®" on metal removal efficiency using both biochars
ALC (3.38) and MLC (2.36) showed a similar behavior
as the adsorbent dose effect. With the increase in the
initial concentration of Cr®*, the removal percentage of
metal ions using both MLC and ALC decreased. A
plausible explanation for this could be due to the un-
availability of adequate adsorption sites which is solely
responsible for the binding of the metal ions. The trend
of percentage reduction in metal removal by both bio-
chars was observed to be similar. This finding is ob-
served in Figs. 1B-C and S3B-C (supplementary), for
MLC and ALC, respectively.
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Fig. 1 Response surface plots for MLC as a function of any two experimental parameters: a pH and adsorbent dose, b pH and initial concentration of
adsorbate, ¢ adsorbent dosage and initial concentration of adsorbate

3.3 Validation of experiments with the optimized
parameters

The highest experimental removal efficiency for both MLC
and ALC under optimized conditions was 98.7% and 96.32 %,
while predicted values were 88.7% and 86.57% respectively.
Although we did not perform dedicated parameter optimiza-
tion for PLC but under the optimum condition obtained for
MLC and ALC, PLC showed removal efficiency 69.2%.
These results suggest that the statistical analysis of the opera-
tional condition predicted by the CCD is in good agreement
with the experimental data. The optimum adsorption condi-
tions obtained for both MLC and ALC for maximum removal
were as follows: pH = 3.01, an initial concentration of 161.23
mg/L, and a dose of 1.82 g/L. (Supplementary Fig. S4).
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3.4 Characterization of adsorbents

The results of BET surface area (Table 5) shows a very high
surface area in ALC (607.53 m?/g) as compared to MLC
(323.02 m*/g) and PLC (151.06 m?/g). The high surface area
in ALC could be attributed to the reopening of all blocked
pores during the high-temperature activation process. The
high-velocity gases evolved during the activation process
could enter into the jammed pores and most likely cleaned
them thoroughly due to thermal diffusion and ultimately in-
creasing biochar porosity [50]. Even though both the biochars
(MLC and ALC) were produced at the same temperature,
however, the bulk carbon content (Table 5) in MLC was
found to be relatively lower than ALC, i.e., 58.72% and
65.86%, respectively. This could be attributed to the dilution
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Table 5 Physicochemical

properties biochars before and Properties Raw biomass PLC ALC MLC

after modification
Proximate analysis (%)
Moisture 341 £2.1 1.49 +0.3 1.48 £0.6 1.49 +1.5
Volatile matter 75.33 £0.4 4241 +0.7 15.8 1.8 36.61 +1.8
Ash 431 +1.7 9.40 £0.3 11.5+0.9 20.70 +£2.7
Fixed carbon 16.95 2.4 46.70 £0.3 7122 +1.1 41.50 £3.9
Ultimate analysis (%)
C 4559 +4.2 60.81 +1.0 65.86 0.9 58.724+2.7
H 5.84 £1.0 1.87 £3.7 2.75+1.3 2.88+1.8
N 0.72 £3.7 2.5742.3 579 +4.1 1.97+5.8
(0} 47.84 £1.5 34.75 £1.8 25.60+3.6 36.43 £2.4
H/C 1.59 0.37 0.50 0.59
o/C 0.79 0.43 0.29 0.47
pH - 7.65 +£0.04 10.25+0.2 6.82 +0.1
EC (dS/m) - 0.85 £0.71 1.11 £1 0.79 +0.5
BET Surface area (mz/g) - 151.06 607.53 323.02
CEC (mmol/kg) - 84.40+3 655+ 10 366 + 2
PzC - 3.75 +0.1 4.1 £0.02 3.17 £0.10
Rso 0.24 0.54 0.61 0.57
CSP (%) 17.00 25.00 42.10 40.10

PZC pH of zero point charge, CEC cation exchange capacity, CV calorific value, Rs, recalcitrance index, CSP
carbon sequestration potential, EC electrical conductivity

effect caused by impregnation of Fe on MLC surface which
was verified by the presence of high ash content viz. 20.7 wt%
for MLC while it is 11.5 wt% for ALC [20]. MLC which
exhibits a high O/C ratio of 0.47 as compared to the ALC
(O/C of 0.29) indicates its high degree of polarity, owing to
the occurrence of a huge number of oxygen-containing func-
tional groups [16]. However, the decline in O/C ratio for ALC
means that with the increase in aromaticity, there is an in-
crease in hydrophobicity resulting in cross-linking of adsor-
bent surface and activation agent. The increase in N contents
could also lead to the formation of more functional groups
containing nitrogen which enhances adsorption of negatively
charged ions [29].

The FTIR spectra of PLC, ALC, and MLC biochar before
and after adsorption are shown in Fig. 2. Broad peaks present
in both MLC and ALC in the range of 400-580 cm™' corre-
spond to the presence of alkyl halides. There is a disappear-
ance of a strong and sharp band at 469 cm ' and a weak band
at 2345 cm™' in the pristine biochar after its modification
which is assigned to Si—O of silicates and CO,, respectively
[52]. The adsorption bands at 1419-1420 cm ™' present in PLC
and ALC corresponds to symmetric stretching of phenolic
compounds. The increases in the projection in the fingerprint
region (4001400 cm ") in MLC are ascribed for iron oxide,
and it signified the successful impregnation of iron oxide [53].
However, these bands are absent in ALC. The appearance of a
weak band at 1585 cm™' in MLC and its absence in ALC

represents the conjugated C=C stretching vibration. The pres-
ence of 585 cm ! represents H,N—C=0 in ALC and MLC
provides protons for reduction of Cr®*. The broadband in the
range of 3400-3700 cm ™' indicates the existence of hydroxyl
group which weekend and nearly disappeared in the MLC
biochar after sorption which confirms its involvement in the
sorption of Cr®* [52]. The peak, which is assigned to aromatic
C=C stretching appeared at 1400-1600 cm™' in MLC both
before and after adsorption while in ALC, was absent before
adsorption and reappeared after Cr®* loading. The functional
groups assigned for -CH, —OH, and —CO which is solely
responsible for Cr absorption were also verified by the pres-
ence of spectrum peak at 3000, 3400, and 1050 cm 'on the
biochars [6, 10].

The X-ray diffractograms of both MLC and ALC biochars
are depicted in Fig. 3a. The XRD patterns for biochars show
an absence of sharp crystalline cellulosic peak [20 = 22.7°]
confirms decomposition of cellulose resulting in amorphous
structure in the biochar [54]. The MLC biochar shows a crys-
talline structure with the presence of various sharp peaks at 26
values of 35.5, 43.2, 57.3, and 62.9° which verify the entities
of maghemite [55]. These peaks were present in XRD of both
pre and post adsorbed biochars (Fig. 3a). However, no chang-
es in the crystallinity of biochar were observed before and
after the adsorption process, which confirmed the strong im-
pingement of iron oxide on its surface. On the other hand,
ALC biochar showed a broad peak at 20 values of 24.8° and
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Fig. 2 FTIR spectra. a Before Alkyl Cc=C Alkyl halides C=C
adsorption and b after adsorption halides  (aromatic) PLC

Ty
-

MLC-ad

(gromatic)

<
=
=
@]
Intensity (a.u)

Intensity (a.u)

ALC
’\\N/“"—ﬂ/

1 1 ] % EEEP | L 1 1 1

500 1000 1500 2000 2500 3000 3500 4000 4500

I 1 I I I L | |
500 1000 1500 2000 2500 3000 3500 4000 3
Wavenumber, cm™! Wavenumber, cm

a b

42.4° caused due to lattice contraction caused by NaOH treat- ~ VSM at room temperature and the results of M-H curves are
ment [24]. depicted in Fig. 3b. As compared to almost zero magnetiza-

To confirm the successful impregnation of magnetic parti-  tion saturation (Mg) obtained using ALC biochar, MLC bio-
cles on biochar using iron chloride, the magnetization exper-  char shows a high M of 4.5 emu/g which attributes its strong
iments of both MLC and ALC biochars were carried outusing  ferromagnetic behavior. The high M| value of MLC confirms
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the impregnation of magnetic particles on the MLC biochar
during synthesis with iron chloride.

FESEM images were used to observe the morphological
structure of the adsorbent before and after the adsorption. As
can be observed from Fig. 4c, the pores present in ALC which
are adsorbent’s surfaces before adsorption are unoccupied;
however, the micrograph shown in Fig. 4e showed the occu-
pancy of pores with Cr®* after the adsorption [15]. The EDX
spectrum of both the biochars after adsorption (Fig. 4g, h) ver-
ifies the loading of Cr®* in both biochars (ALC and MLC). The
presence of Fe peaks in MLC also confirms the successful
impingement of magnetic particles on biochar. The pH and
point of zero charge (PZC) decrease in the MLC (3.17) biochar
after magnetic modification due to the presence of magnetite
and its oxidation. Further, the MLC biochar also exhibited an
increased cation exchange capacity (CEC) due to a high CEC
value of iron oxide [13]. MLC biochar can be easily separated
from the aqueous solution by using an external paramagnetic
field, while ALC showed no response. Hence, a magnetic sep-
aration technique can be applied to separate magnetic biochar
after adsorption [19]; however, the potential application is far
from being demonstrated at pilot scale.

3.5 Adsorption isotherms

An adsorption isotherm describes the interaction between ad-
sorbate molecules and the adsorbent at equilibrium conditions
at a constant temperature. It explains the mass transfer phenom-
enon of adsorbate from one phase when equilibrium is
established in between both phases at a constant temperature.
In our study, three equilibrium isotherm models viz. Langmuir,
Freundlich, and Temkin isotherm have been used to explain the
distribution of the adsorbate (Cr®*) present in the aqueous phase
to the surface of solid adsorbents (biochars), at equilibrium. The
models are based on the assumption related to homogeneity/
heterogeneity of adsorbent surface, type of surface coverage,
and interaction among the adsorbate. The model depends on the
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Fig. 4 Non-linear kinetic analysis of a MLC and b ALC biochar

way the adsorption heat decreases across the surface coverage
viz. Langmuir with no decrease at all; Freundlich assumes a
logarithmic decrease, while Temkin assumes a linear decrease
[36]. In this study, the suitable isotherm models were evaluated
by fitting the experimental data with the different isotherms of
Langmuir, Freundlich, and Temkin adsorption isotherm
(supplementary Fig. S5).

The non-linear mathematical equation for Langmuir iso-
therm is as follows [50]:

9e = qmbCe/(1 +bCe) (11)

where ¢,, =maximum adsorption capacity (mg/g); b=
Langmuir constants (L/mg); C,= equilibrium concentration
of adsorbate (mg/L); and g.= amount of metal adsorbed per
gram of the adsorbent at equilibrium (mg/g).

The expression for Freundlich isotherm can be given as:

g = K:C!" (12)

where K; signifies Freundlich isotherm constants associated
with adsorption capacity (mg/g) and 1/n denotes the sorption
intensity [33].

The Temkin isotherm model can be represented as [56]:

qe = (RT/b)[log(K(Ce)] (13)

where b=Temkin isotherm constant, R= gas constant (8.314
J/mol/K), and T = temperature (298 K).

From Table 6, it is evident that both MLC and ALC can be
well explained to Langmuir adsorption isotherm. The “fitness
of good” for MLC and ALC are 0.991 and 0.994, respectively,
which is higher than the other two adsorption isotherm.
According to the Langmuir model, sorption of metal ion oc-
curs on a homogenous surface by monolayer adsorption with
no interaction among adsorbate with uniform sorption activa-
tion energy. The limiting reaction step is the surface reaction
as in the heterogeneous catalytic reaction. The adsorption en-
ergy was constant without any transmigration of the adsorbate
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Table 6 Isotherm parameters for Cr(VI) adsorption onto magnetic and favorable. The Langmuir maximum adsorption capacity of
activated biochar produced from Lantana camara MLC and ALC are 102.03 and 94.69 mg/g respectively.
Isotherms Parameters MLC ALC
3.6 Adsorption kinetics
A) Adsorption parameters
Langmuir 4m (mg/g) 102.03 94.69 Kinetic models have been used to investigate the mechanism
bz(L/mg) 0.16 0.08 of sorption and potential rate-controlling steps, which helps
iz gz?); 8(9)(9;: select an optimum contact time for the full-scale batch pro-
ARE 0.45 0.25 cess. The behavior of adsorption kinetics of Cr®* onto the
RSME 0.05 0.04 surface of MLC and ALC biochars is depicted in Fig. 4a and
Freundlich K; (mg"™"L"/g) 7317 5312 b, respectively. Different kinetic reaction models, such as
Un 0.63 0.62 pseudo-first-order (PFO) and pseudo-second-reaction-order
R 0.953 0.982 (PSO), are the most commonly used reaction models for sorp-
X2 0.015 0.002 tion studies. The pseudo-first-order model assumes the rate of
ARE 1.54 0.84 change of solute concentration with time () is directly propor-
RSME 0.08 0.13 tional to the difference in saturation concentration and the
Temkin b (J/mol) 183.40 127.31 amount of solid uptake with time. Pseudo-first-order rate
KZT L) 11980 20293 equation and pseudo-second-order expression are expressed
R 0.952 0979 a5 Egs. (15) and (16) Lagergren equation [57]:
X 0.034 0.041
ARE 0.84 0.84 de = 4. ( l_exp—Kadt) (15)
RSME 1.85 1.42
B) Kinetics parameters However, the pseudo-second-order equation can be given
Pseudo-first-order Ge(car (ME/g) 126.05 120.44 as:
Kyq (m™) 0.37 0.33
MPSD 0.06 0.04 t/q. = (1/h) +1t/q, (16)
i 10.98 491
ARE 2.12 1.39 where g, = metal’s mass adsorbed at equilibrium (mg/g), ¢=
RSME 8.08 17.66 metal’s mass at time # (min), K, is the rate constant of adsorp-
Pseudo-second-order Gecal) (NZ/Q) 126.41 117.61 tion for first-order reaction (min~'), A= Kqe?, and K is the
K (gmg ' min) 0.001 0.001 equilibrium rate constant of adsorption for pseudo-second-
M2PSD 0.44 0.005 order (gmg ' min"). The kinetic analysis has been performed
X 0.05 0.04 using both model and the plot of ¢, vs. £. Among both models,
ARE 027 0.19 the results showed that pseudo-second-order kinetics fits best
RSME 2.08 0.77

in the plane of the surface. The Ry (dimensionless constant)
ranges from 0.003 to 0.0009 for MLC and 0.2—0.05 for ALC
which indicates that Cr®" uptake is favorable. The value Ry
decreases with the increase in concentration which indicates
that at high concentration the adsorption tends more towards
irreversibility [33]. The higher value of Langmuir constant of
MLC over ALC indicates the strong adsorption interaction
between the adsorbent and adsorbate.

Separation factor or equilibrium parameter Ry can be de-
noted as

RL = 1/(1+bC,) (14)

where C,= initial concentration; R value indicates adsorption
nature (unfavorable if R;>1, linear if R;=1, favorable if
0<R; <1, and irreversible if R;=0). The Ry values for both
the adsorbents are less than 1; hence, the adsorption is
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based on the error analysis such as root mean square error
(RSME), Marquardt’s percent standard deviation (MPSD),
average relative error (ARE), and chi-square (x?) due to lim-
itation overuse of R* value to solve non-linear plots. The lower
the value for ARE and RSME, the better the data fits the
isotherms. The calculated parameters of g., K,4, and K obtain-
ed from both the models are summarized in Table 6. The
results confirm that the rate of reaction is proportional to the
number of adsorption sites on the adsorbent surface [14, 33].
The chemical adsorption of adsorbate on adsorbent may be the
rate-limiting step in both ALC and MLC.

3.7 Adsorption mechanism

There are three possible mechanisms through which MLC
works: (1) anion exchange; (2) reduction; and (3) electrostatic
interaction. The presence of Cl within the biochar matrix due
to the impregnation is exchanged with the Cr®* [58]. Cr is also
removed through a reduction mechanism where Cr®* was re-
duced into Cr**. Due to the oxidation of Cr, the ether and
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carboxyl groups break down and produce hydroxyl groups on
the MLC surface. When these negatively charged surfaces
come in contact with the electron donor groups, Cr®* is re-
duced to Cr**. Further oxidation of Fe** into Fe’* ions pro-
motes the conversion of Cr®" into Cr’* [40]. Substitution of
Fe* with Cr’*, complexation with surface functional groups,
and formation of Cr(OH); also play a vital role in adsorption.
The absence of a new peak after Cr loading in XRD spectra
suggests that no crystal was formed. Although electrostatic
interaction is one of the prime adsorption mechanisms, some
amount of Cr adsorption is caused by reduction and co-
precipitation [10, 59]. From the adsorption study, it was re-
vealed that modified biochar followed monolayer adsorption
onto the surface of adsorbent via sharing or exchange of elec-
trons. The presence of iron ions and functional groups on the
surface of modified biochar is responsible for adsorption [41]
and leads to Cr immobilization.

3.8 Desorption and reusability

To assess the commercial viability of the prepared biochar, it
is important to evaluate the regeneration ability of the sorbent
saturated with the concerned pollutant. The results indicated
that desorption varied considerably among the adsorbents. It
was observed that the removal efficiency of Cr®* by ALC and
MLC declined from 86.7 to 67.3% and from 83.6 to 57.8%,
respectively, after the fourth cycle (Fig. 5). The decline in the
removal efficiency after several cycles of adsorption-
desorption might be due to formation of layers of hydroxide
on the surface of adsorbent [60—62]. In alkaline solution,
Cr0427 is the dominant form of Cr®*, which can be exchanged
by hydroxide (OH ). Apart from this, electrostatic repulsion
due to negatively charged adsorption sites increases desorp-
tion of Cr®" from adsorbent. The desorption efficiency was
higher in ALC (73.5%) than that in MLC (56%) which may
be attributed to the strong affinity of Cr®* ion for iron oxide on
magnetic biochar [6]. Thus, it can be established that both
MLC and ALC could be successfully reused.
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Apart from all these, to fortify biochar’s suitability as a
sustainable adsorbent, techno-economic feasibility assessment
and up-scaling its production from lab scale to commercial
scale is essential. In the year 2019, the global biochar market
was 1.39 billion USD which is expected to rise to 3.46 billion
USD by 2025 [59]. The current growing interest for biochar as
an adsorbent for wastewater treatment is expected to increase
its demand thereby increasing its cost. From the study con-
ducted by Krasucka et al. [60], it was observed that the cost of
biochar production was 350—1200 USD/ton, which was lower
than conventional activated carbon viz. 1100-1700 USD/ton
[62]. According to studies, biochar production costs may
range from 90 USD/ton to 8850 USD/ton [31]. Studies con-
ducted on paper mill sludge [63], Willow [64], particleboard
[34], Eggshell-modified biochar [10], etc. suggest that produc-
tion of activated carbon from waste biomass is profitable com-
pared to conventional activated carbon. Also, studies suggest
that installation of production or treatment plant near to the
point of source is more profitable compared to offsite [65, 66].
From an economic point of view, the market price of the
biochar depends on several aspects such as the selected feed-
stock, pyrolysis production conditions, and transport, which
considerably affect the production costs [67, 68]. Based on
these studies, it can conclude that pyrolysis stage has a major
share in the production cost (36%), followed by feedstock
collection (12%) and transportation cost (9%). Thereby, the
production cost can be reduced by the use of newer cheap
production technologies coupled with the utilization of waste
material as a cheap/low-cost feedstock [59]. Thus, weed-
based biochar can be considered a feasible cheaper alternative
to the more expensive activated carbons.

4 Conclusion

The current study deals with the conversion of Lantana
camara biochar into low-cost adsorbent and its comparative
evaluation for the adsorption phenomenon of magnetic bio-
char over activated biochar for the removal of chromium. The
optimum values obtained from response surface methodology
confirmed the higher chromium adsorption efficiency in mag-
netic biochar as compared to the activated biochar. The in-
crease in adsorption efficiencies of metal ion chromium in
magnetic biochar attributed to the impregnation of iron mole-
cules on the biochar surfaces which enhanced the adsorption
sites on its surfaces. Further, analysis of variance showed that
reduction in removal efficiency (%) using both activated and
magnetic biochar has an inverse relationship to the solution
pH. The highest chromium removal was observed at pH 3.01.
The optimum adsorption conditions obtained for maximum
removal were as follows: pH = 3.01, an initial concentration
of 161.23 mg/L, and a dose of 1.82 g/L. The maximum ad-
sorption capacity of magnetic and activated biochar is 102.03
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and 94.69 mg/g respectively. After adsorption, the exhausted/
spent magnetic biochar composite could be easily collected by
magnetic separation due to its excellent ferromagnetic
properties.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13399-021-01448-3.
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