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Highlights
e Peanut shells were converted to biochar, and engineered with CTAB
e High Cr(VI) removal efficiency for the engineered biochar (79.35%) was observed
e Chemisorption was the main mechanism of interaction between Cr(V1) and the biochar

e High immobilization of Cr(VI) was observed in the soil with engineered biochar

Abstract

Hexavalent chromium (Cr[V1]) is one of the major environmental concerns due to its excessive discharge
through effluents from the leather tanning industry. Peanut production leads to the generation of residual
shells as waste calling for sustainable disposal. In this study, we employed an innovative approach of
applying peanut-shell-derived pristine and engineered biochar for the remediation of Cr-contaminated
wastewater and soil. The peanut shell waste was converted to biochar, which was further engineered with
cetyltrimethylammonium bromide (CTAB, a commonly used cationic surfactant). The biochars were then
used for the adsorption and immobilization of Cr(VI) in water and soil, respectively. The adsorption
experiments demonstrated high Cr(VI) removal efficiency for the engineered biochar (79.35%) compared
with the pristine biochar (37.47%). The Langmuir model best described the Cr(VI) adsorption onto the
biochars (R? > 0.97), indicating monolayer adsorption. Meanwhile, the adsorption kinetics indicated that
chemisorption was the dominant mechanism of interaction between the Cr(VI) and the biochars, as
indicated by the best fitting to the pseudo-second-order model (R? > 0.98). Adsorption through the fixed-
bed column also presented higher Cr(V1) adsorption onto the engineered biochar (geq = 22.93 mg g %) than
onto the pristine biochar (geq = 18.54 mg g?). In addition, the desorption rate was higher for the pristine
biochar column (13.83 mg g*) than the engineered biochar column (10.45 mg g1), indicating that Cr(\/1)
was more strongly adsorbed onto the engineered biochar. A higher immobilization of Cr(V1) was observed
in the soil with the engineered biochar than with the pristine biochar, as was confirmed by the significant

decreases in the Cr(VI1) bioavailability (92%), leachability (100%), and bioaccessibility (97%) compared
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with the control (soil without biochar). The CTAB-engineered biochar could thus potentially be used as an

efficient adsorbent for the removal and the immobilization of Cr(VI) in water and soil, respectively.

Keywords: Designer biochar; Soil quality; Soil remediation; Sustainable Development Goals; Life on land

1. Introduction

Chromium (Cr), which generally exists in trivalent or hexavalent form, is discharged through the leather
tanning, metal processing, mining, and electroplating industries, causing severe contamination to water,
soil, and plants worldwide (Rajapaksha et al., 2018). Specifically, the wastewater from leather tanning
industry can contain 1,500-3,000 mg L Cr (Sabur et al., 2013), and there has been a global increase in Cr
concentrations in water bodies pertaining to this industry. High concentrations of up to 84, 50, and 60 ug
L Cr in surface water, groundwater, and drinking water, respectively, have been reported in major
countries around the globe, while the permissible limit is 0.5-2 pug L (Jobby et al., 2018). The hexavalent
chromium (Cr[VI]) is around 500 times more toxic than trivalent chromium (Cr[lI1]), and can cause
carcinogenesis, teratogenesis, and mutations in living bodies (Chen et al., 2015). In fact, Cr(V1) is included
in the United States Environmental Protection Agency’s list of top-priority hazardous pollutants (US-EPA,
2014).

Soil is a major sink for heavy metals released into the environment via anthropogenic activities such as the
disposal of tannery waste and various activities pertaining to the metallurgy industry. Globally, 896 tons of
Cr is disposed of each year into soils (Mohan and Pittman, 2006). Irrigation through metal-contaminated
wastewater and sludge application is also causing the contamination of soil and various crops, and their
long-term persistence is somewhat alarming (Kumar et al., 2005). Specifically, tannery sludge contains
4.2% of Cr (Xia et al., 2019), largely comprised of extremely mobile fractions, which consequently poses
the threat of soil and water contamination in the nearby areas (Riaz et al., 2020). There is thus an urgent
need to design cost-effective and simple technology to remove Cr(VI) from the wastewater in water bodies

as well as from soil (Palansooriya et al., 2020).
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The available techniques for industrial wastewater treatment are adsorption, ion exchange, chemical
precipitation, oxidation/reduction, and membrane separation (e.g., reverse osmosis and ultrafiltration)
(Wang et al., 2019). Meanwhile, soil washing, immobilization, phytoremediation, soil extraction, and
vitrification are among the available treatment technologies for heavy-metal-contaminated soils (Fytianos
et al., 2000). The carbon-based adsorbents have been reported as efficient means of remediating the metal-
contaminated water and soil (Hilber and Bucheli, 2010; Yang et al., 2019). Biochar, a carbon-rich material
obtained from the thermal processing of bio-waste, has recently emerged as a promising adsorbent for
wastewater treatment and a promising soil amendment (El-Naggar et al., 2018a).

Bio-waste will ideally produce biochar in such a way that it reduces the waste burden and helps in the area
of waste management. In fact, this can lead to achieving sustainable development goals (set by the General
Assembly of the United Nations) in terms of good health and well-being (Goal 3), clean water and sanitation
(Goal 6), climate action (Goal 13), and life on land (Goal 15) (Kumar and Bhattacharya, 2020). Peanut
shells are generated as waste following the peanuts’ consumption as food. It is estimated that 1.6 ton ha™
of peanut shell waste is produced worldwide (Torkashvand et al., 2015). Specifically, in Pakistan, 18,280
ton yr* of peanut shell waste is generated, with the total peanut production amounting to 91,400 ton yr*
(PARC, 2020). The peanut shells are largely burned in the open atmosphere, causing greenhouse gas
emissions, or become buried in soil, with a slow degradation rate (Duc et al., 2019). Unlike other biowaste
types, peanut shells are not decomposed easily in the environment because of their high lignin contents.
Additionally, peanut shells exhibit adsorption potential for heavy metals such as Cu, Ni, Zn, and Cr (Duc
et al., 2019). To avoid environmental issues related to peanut shells waste disposal and to synthesize an
efficient adsorbent, the material could be a valuable feedstock for biochar production. Various recent
studies have reported biochar’s efficacy in terms of Cr(VI1) removal from water (Rajapaksha et al., 2018;
Huang et al., 2020) and Cr(VI) immobilization in soil (Rafique et al., 2020; Khan et al., 2020). However,
an innovative and systematic approach of applying peanut-shell-derived biochar for the remediation of Cr-

contaminated water and soil has, as yet, not been reported.
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A common restraint in the application of pristine biochar is its relatively low efficiency for contaminant
mitigation, which has led to the engineering of biochar surfaces to remediate metal-contaminated water and
soil (Zhang et al., 2020; Wang et al., 2020). Biochar can be engineered via acid/base, magnetic, steam,
amine, or surfactant treatments, depending on the desired properties of the engineered product (Rajapaksha
et al., 2016). Specifically, ionic surfactants can easily bind onto the biochar surfaces to facilitate the
electrostatic interaction with the ionic contaminants (Saleh, 2006). However, the biochar surface is
generally negatively charged (pHezc < 7; Li et al., 2017), which means pristine biochar may not be effective
in removing anionic forms of metals (e.g., chromate [CrO4?"] and dichromate [Cr.O%]) due to electrostatic
repulsion. Engineering the biochar with a cationic surfactant may alter the biochar surface from a negative
to a positive charge (EI-Naggar et al., 2018b). The resulting engineered biochar will have the potential
capacity for effectively removing anionic forms of metal such as CrO.2 (Cr[VI]) from water, while it could
also reduce the mobility of Cr(V1) in soil.

Cetyltrimethylammonium bromide (CTAB) is a cationic surfactant that can be used for biochar engineering
due to its reported ability to increase the positive charge on the biochar surface (Mathurasa and
Damrongsiri, 2017; Li et al., 2018). Moreover, surfactants tend to be commonly used household chemicals,
and are thus easily available for biochar engineering purposes. It is hypothesized that the Cr(VI) in its
anionic form could be attracted by the positively charged micelles of the CTAB anchored on biochar, which
will enable the on-site covalent bonding with Cr(V1). Hence, the present study was aimed at developing an
innovative approach to remediating the Cr(VI)-contaminated wastewater and soil impacted by tannery
industry using CTAB-engineered biochar derived from peanut shells. Furthermore, we also evaluated the

Cr(VI) remediation potentials by comparing the efficacy of pristine and engineered biochars.

2. Materials and methods

2.1. Preparation, engineering, and characterization of biochar

Peanut shells were collected from household waste and university campus residential areas. The feedstock
was chopped to a small particle size and subjected to pyrolysis for biochar production. The biochar was

6
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produced by pyrolyzing the processed peanut shells in a muffle furnace (Vulcan D-550, USA) under limited
oxygen conditions at a heating rate of 6°C min™*. The carbonization process temperature was fixed at 600°C,
with the heating continued at this temperature for 2 h. The resulting pristine biochar (PBC) was allowed to
cool at room temperature and was then stored in zipper bags to prevent moisture until used.

For the engineering of the biochar, we adopted the chemical modification process reported by Mi et al.
(2016). In brief, the biochar was first acid-washed with 4 M HCI solution for 12 h to remove any minerals
before being separated via filtration using Whatman 42 filter paper. The filtered biochar was then washed
with distilled water several times to achieve a neutral pH before being dried overnight in an oven at 80°C.
Following this, the demineralized biochar was added into 1% CTAB solution at a rate of 1% wt/vol. The
mixture was then stirred at 700 rpm for 24 h using a magnetic stirrer. The suspension was then filtered
through Whatman 42 filter paper to obtain the solid product, which was then oven-dried at 80°C overnight.
The final engineered biochar (EBC) product was then stored in an airtight container for further analysis and
application.

The produced biochars (PBC and EBC) were subjected to proximate analysis (moisture, mobile matter,
resident matter, and ash), as well as pH, electrical conductivity (EC), organic matter, scanning electron
microscopy (SEM), and Fourier transform infrared (FTIR) spectroscopy analyses. The proximate and
chemical analytical procedures were carried out with reference to Ahmad et al. (2012a). Various SEM
images of the biochar surfaces were taken using a JSSM-6490A, JEOL (Japan) microscope, while the
Spectral 65 Perkin Elmer (USA) FTIR instrument was used for the determination of the functional groups
on the biochar surfaces. The pH point of zero charges (pHezc) of the biochars was determined following
the method reported by Xu et al. (2019). Briefly, a 0.1 g biochar sample was stirred in 50 mL of 0.01 M
CacCl; solution, the pH of which was adjusted with values ranging from 2 to 12 (with 0.5 M HCI or NaOH
solutions) for 24 h at 120 rpm. The pHpzc was calculated by plotting the ApH (difference in final and initial

pH) against the initial pH values.

2.2. Wastewater and soil collection, processing, and characterization
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Soil and wastewater samples were collected from a tannery industry zone located near Sialkot, Pakistan.
The wastewater samples were collected from the disposal point of the industrial zone in pre-cleaned plastic
bottles and were subsequently filtered through Whatman 42 filter paper to remove any suspended particles.
The soil samples were collected from a radius of 1 km surrounding the industrial zone, with the top 15-20
cm of soil grabbed from different points. A composite sample was then produced by mixing and
homogenizing the grab samples in a polythene sack. The samples were preserved either in pre-cleaned
plastic bottles or bags at 4°C prior to the laboratory analysis. The soil was air-dried and sieved through a 2-
mm aperture to remove any gravel or other rubble and to ensure homogenized soil particles were obtained.
The total amount of Cr in the wastewater samples was measured following the acid digestion method
(method 3005a; US-EPA 1992a) using an atomic absorption spectrometer (AAS; SpectrAA-220, Varian,
USA). The presence of Cr(VI) was determined colorimetrically (method 7196a; US-EPA 1992b) using
diphenyl carbazide with a UV-visible spectrophotometer (Bio-Rad UV3000, USA). The total
concentrations of Cr and Cr(VI) in the wastewater samples were 40.83 + 3.52 and 24.86 + 0.23 mg L,
respectively. Meanwhile, the soil was characterized in terms of general soil parameters (pH, EC, texture,
organic matter, etc.) following the methods reported by Estefan et al. (2013), and total Cr concentration
following the acid digestion method (method 3050; US-EPA 1992c) using the AAS. The soil was acidic
(pH 5.00 + 0.02) with a silt loam texture. The total Cr and Cr(VI) concentrations in the soil were 1992.23

+19.20 and 212.88 + 15.06 mg kg* (see Table S1 in the supplementary material).

2.3. Equilibrium adsorption experiments

The biochars (PBC and EBC) were tested for their adsorption capacities in terms of aqueous Cr(VI)
removal. Here, batch-type equilibrium isotherm and kinetics experiments were performed. First, potassium
dichromate (K.Cr,0;) was used to prepare a stock solution of 500 mg L™ Cr(VI) in deionized water. A
series of concentrations, including 5, 10, 25, 50, 150, and 300 mg L%, were then prepared for the
equilibrium adsorption experiments. A relatively high concentration range of Cr(VI) (0-300 mg L) was
selected due to the high average concentration (~ 400 mg L) reported in the wastewater of different local

8
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tannery industries in Pakistan (Bhalli and Khan, 2006). For each batch experiment, a 45 mL solution of
each concentration was taken in a 50 mL falcon tube, with the biochar dose fixed at a rate of 2 g L. Then,
the samples were shaken using a horizontal shaker at 110 rpm at room temperature for 24 h. Following this,
the solutions were filtered through Whatman 42 filter paper, and the Cr(VI) concentration in the aqueous
phase was determined. Control samples (without biochar) were also used for each batch experiment. All
experiments were performed in triplicate. The amount of adsorbed contaminant was calculated using the

following equation (Volesky, 2007):

Qe = (Co — Ce) X v/w

where Q. is the amount of Cr(VI) (mg g*) adsorbed by the biochar at equilibrium, C, is the initial Cr(\VI)
concentration in the solution, C. is the remaining concentration in the solution at equilibrium, v is the

volume of the solution (L), and w is the weight of the biochar (g). The Cr(VI) removal efficiency of each

biochar was calculated using the following equation:
Co - Ce
Removal (%) = (C—) X 100
(o]

Three isotherm models, the Freundlich, Langmuir, and Temkin models, were employed to optimize the
usage efficiency of the biochar. The Freundlich model describes the adsorption on the heterogeneous

surface and the multilayer adsorption and is expressed by the following equation (Tran et al., 2017):
Qe =K Cév

where K is the capacity of the adsorbent to sorb the adsorbate (mg g*) and N is the parameter pertaining

to the linearity. Meanwhile, the Langmuir model explicates the adsorption on a homogeneous surface and



217  defines the monolayer adsorption on the surface of the adsorbents according to the following equation (Tran
218  etal., 2017):

219

220 Qe = Quax Ki Ce (1 + Ky Co)7?

221

222 where Qmax is the maximum amount of Cr(VI) adsorbed (mg g!) and K. is the adsorption equilibrium
223 constant (L mg™?). Finally, the Temkin isotherm model is specifically related to the adsorption heat,
224 providing evidence regarding the effects of any indirect adsorbate/adsorbate connections on the adsorption
225  process. In short, the model assesses how the heat of adsorption of all the molecules in the layer decreases
226  linearly due to the increase in surface coverage, which can be articulated using the following equation
227  (Ahmad et al., 2013a):

228

229 Q, = %T In(A C,)

230

231  whereR, T, B, and A are the universal gas constant (8.314 J K" mol™?), the absolute temperature (273 K),
232 the heat of adsorption (J mol™?), and the binding constant (L mg™?), respectively.

233 The Chi-squared (y?) test was also used to estimate the fitting of the experimental data to the models’

234  predicted values. The following equation was used (Arshadi et al., 2014):

235

_ 2
236 Xz — Z (Qe Q QC)

237
238  where Q. and Q. are the experimental and the model-calculated adsorbed amounts of Cr(V1), respectively.
239

240  2.4. Kinetics adsorption experiments

10
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Adsorption kinetics experiments were performed to analyze the adsorption mechanism on the surface of
the biochars. Here, an initial concentration of 10 mg L™ Cr(VI) was used, while the biochar dose was fixed
at 5 g L. A relatively low initial Cr(VI) concentration and a comparatively high biochar dose were used
in the kinetics experiments compared with in the equilibrium adsorption experiments to attain maximum
adsorption in the given contact time. Samples with three replicates were placed on a horizontal shaker at
110 rpm, with samples taken at nine different time intervals of 15 min, 30 min, 1 h, 2 h, 3 h, 5h, 10 h, 24
h, and 48 h. Following this, the samples were filtered through Whatman 42 filter paper and analyzed in
terms of Cr(V1) using the UV-visible spectrophotometer. Different models, including first-order, second-
order, pseudo-second-order, and intra-particle diffusion models were applied to the kinetics experimental

data. The equations of the different models are given below (Ahmad et al., 2013b):

First-order: In q; = Inq, — k;t

1 1
Second-order: — = — kyt
de do

t 1 t
Pseudo-second-order; — = (—\ qﬁ) +—
dt k, de

Intra-particle diffusion: q; = C + K4 t°>

where g and qo are the adsorption capacities (mg g2) at time t and 0, respectively, ki, ko, and k;” are the
rate constants of the first-, second-, and pseudo-second-order models, respectively, ge (mg g*) refers to the
adsorption capacity when an equilibrium is established, C is the diffusion rate constant ([mg g*]°%), and

Kq is the diffusion constant.

2.5. Continuous fixed-bed column adsorption and desorption experiments

For the column adsorption experiments, polyacrylic columns 9.4-cm in length and 2-cm in inner diameter
were used. A 7-g sample of each biochar (PBC and EBC) was placed in the polyacrylic columns. The real
wastewater of the tannery industry was passed as an influent through the column from the top at a rate of 6

11
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mL min~. The empty bed contact time of the column was 2.83 min. The effluent from each column was
collected from the outlet of the column at different time intervals (0.5, 1, 2, 3, 4, 6, 8, 10, 12, 14, 16, 20,
and 24 h), and was analyzed in terms of Cr(VI1) using the UV-visible spectrophotometer. As such, the
effluent samples were continuously analyzed in terms of Cr(VI) until the concentration became almost
equal to the concentration of Cr(VI) in the real wastewater. After exhausting the column with Cr(V1), the
saturated sorbents were eluted with 0.1 N HNOjs at a flow rate of 6 mL min™.

For the calculations of the adsorption and desorption parameters in the continuous fixed-bed biochar
columns, the methods reported by Zhang et al. (2015) were followed. Details of the column data analysis
for the adsorption and desorption of Cr(V1) are provided in the supplementary material. The behavior of
Cr(VI) adsorption on the two biochars was evaluated by subjecting the experimental column adsorption

data to the Thomas model, which is given by the following equation (Hanbali et al., 2014):

where k is the rate constant (mL min~t mg™), gm is the maximum amount of Cr(V1) adsorbed (mg g %), X is
the weight of the sorbent (g), and Ve is the effluent volume (mL). The elution efficiency (E) of each column

was calculated using the following equation:

qtotal(desorbed)

E(%)=[ ]xlOO

Qtotal(sorbed)
where Qrotal(gesorbedy (Mg g~1) Was calculated from the area under the elution curve.

2.6. Soil remediation experiment

12
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The biochars (PBC and EBC) were evaluated in terms of their remediation potential in Cr-contaminated
soil of a specific tannery industry. A soil incubation experiment was conducted using three applications
(1%, 2%, and 5% wi/w) of each biochar. Specifically, Cr-contaminated soil (200 g) samples were taken in
each polyethylene container (300-mL capacity) and then mixed with the above-mentioned application rates
for each biochar type. The soil was wetted with 35 mL of distilled water according to 55% of the soil water-
holding capacity. The experiment was conducted in triplicates. Controls (soil without biochar) were also
treated in the same manner. The soil moisture was sustained with distilled water repeatedly throughout the
experiment by weighing each container periodically. The containers were tightly closed and incubated in
the dark at room temperature, with the incubation experiment carried out over 45 days. Following the
incubation, the soil samples of each treatment were air-dried and subjected to various extraction tests to
investigate the bioavailability, leachability, and bioaccessibility of the Cr(V1). The bioavailable Cr(\V1) was
measured in a 1:10 soil water extract, while for the toxicity characteristics, the toxicity characteristics
leaching procedure (TCLP) method 1311 (US-EPA, 1992d) was adopted to determine the leachability, with
the bioaccessibility of the Cr(V1) determined following the physiologically based extraction test (PBET)
(Ahmad et al., 2012a). In each extraction test, the filtered extract (using Whatman 42 filter paper) was
analyzed in terms of Cr(V1) via a colorimetric method (as noted earlier).

Water-soluble NO3; and PO4 (in addition to pH and EC) were also measured in the incubated soils (1:10 soil
water extract) following the colorimetric method while using phenol disulfonic acid and ammonium
molybdate reagents, respectively, with the UV-visible spectrophotometer at 410 and 690 nm, respectively

(Trivedy et al., 1987).

2.7. Statistical analysis
The mean values of the three replicates were used to plot isotherms for the equilibrium and Kinetic
adsorption experiments. Linear and non-linear regressions were carried out in SigmaPlot (version 10.0) for

fitting the adsorption experimental data to various models. Meanwhile, one way analysis of variance was
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applied in combination with Tukey’s honestly significant difference test to determine the significant

differences between the different treatments.

3. Results and discussion

3.1. Biochar properties

The results of the proximate and physicochemical analyses of the PBC and the EBC are presented in Table
S2 (supplementary material). The mobile matter in the PBC, which indicates the biodegradable content,
was 24.11% * 0.56%, which was decreased significantly to 20.15% * 0.35% in the EBC due to the loss
during the engineering process resulting from, for example, the demineralization with acid (section 2.1;
Vithanage et al., 2015). The ash content in the biochar samples was relatively high (>55%), which could
have been due to the accumulation of inorganic minerals present in the feedstock during the process of
pyrolysis (Ahmad et al., 2014). The PBC was highly alkaline with a pH value of 9.46 + 0.01, while the
EBC was slightly acidic with a pH value of 6.30 = 0.01. The alkaline nature of the PBC was due to the
existence of alkali salts and the removal of the acidic functional groups during pyrolysis at 600°C.
Meanwhile, the acid demineralization and washing processes during the biochar engineering resulted in the
acidic nature of the EBC. These results were consistent with the EC values of the biochars, where the PBC
had a higher EC (0.249 + 0.007 dS m™2) than the EBC (0.149 + 0.002 dS m™?). Here, the biochar engineering
eliminated one of the limitations of applying alkaline biochars to normal or alkaline soils, as demonstrated
by the EBC, which exhibited an acidic pH. The pHpzc of the PBC and EBC was 7.44 £+ 0.07 and 6.70 +
0.04, respectively, indicating that with any pH lower than this in an aqueous solution, the biochar surfaces
will be positively charged, and vice versa. The organic matter in the PBC (1.66% = 0.33%) was significantly
greater than that in the EBC (1.15% + 0.34%), which was again due to the demineralization step involved
in the engineering process.

The surface morphological structures of the biochars were visualized using SEM images (Fig. 1). Here, the
typical plant morphological structure with various pores and channels could be observed in the PBC.
However, the surface structure of the EBC was different from that of the PBC. Here, a relatively smooth
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surface with diffused pores was observed in the EBC, which was likely due to the engineering with CTAB.
A pore blockage and a decrease in surface area of biochars following CTAB modification have been
previously reported (Liu et al., 2020).

The changes in the surface chemistry of the biochars following engineering were analyzed using the FTIR
spectra (Fig. 2), with the spectra interpreted following the information provided by Coates (2000),
Keiluweit et al. (2010), and Li et al. (2018). The FTIR results indicated clear differences in the surface
functional groups of the PBC and the EBC. In the former, the absorbance bands at 1,570, 1,390, 1,024, and
871 cm ! indicated the presence of C=C-C, CH,, aromatic C-N, and aromatic C-H stretch, respectively.
Specifically, the aromatic C-N and CH out of plane bending vibrations suggested the development of a
stable aromatic structure of the PBC, which was due to the pyrolysis at 600°C. Meanwhile, more diverse
and intense functional groups were observed in the EBC, which was due to the engineering with CTAB.
Specific bands of the CTAB material were present on the surfaces of the EBC, demonstrating the effect of
modification on the biochar’s surface chemistry. The broad band at 3,290 cm™* indicated the presence of
NH.* ion in the EBC, while the bands at 2,970-2,850, 1,600-1,750, 1,465, 1,280, and 1,210 cm™* indicated
the typical presence of C-H stretch, carbonyl groups, N-CHs, aromatic ether, and C-N groups, respectively.
Meanwhile, the bands at 990-1,100, 890, and 700 cm™* indicated the presence of P-O-C, Si-O-C, aromatic
C-H stretch, and C-Br, respectively. These results suggested the more complex surface chemistry of the
EBC compared with the PBC.

The effect of the engineering process on the biochar properties could further influence their applicability.
In short, the appearance of positively charged ions (e.g., NHs*) on the EBC could facilitate the adsorption
of Cr(VI). Likewise, more acidic functional groups (carbonyl, N- and P-containing functional groups) on

the EBC may contribute to the better removal of anionic Cr(VI) compared with the PBC.

3.2. Removal of hexavalent chromium from water

3.2.1. Effect of initial hexavalent chromium concentration and contact time
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With an increase in initial Cr(VI) concentration (from 5 to 300 mg L™?) the removal efficiency of both the
biochars decreased (see Fig. Sla in the supplementary material). This could be due to the occupation of
active sites on the biochar surfaces by the Cr(VI). At high initial Cr(\VI) concentrations, fewer active sites
were available to adsorb high contents of Cr(V1). Between the two biochars, the EBC demonstrated a greater
removal efficiency than the PBC. For example, the highest removal efficiency of 79.35% was observed at
a 5-mg Lt concentration of Cr(VI) with the EBC, while at the same initial concentration, the PBC
demonstrated only a 37.47% removal. These results indicated that the CTAB engineering may have
increased the number of positively charged active sites on the EBC surface, which subsequently contributed
to its higher removal efficiency compared with that of the PBC. The decrease in removal efficiency with
the elevation in initial metal ion content is a general phenomenon that occurs when testing an adsorbent for
its adsorption capacity (Wadhawan et al., 2020).

The contact time between sorbent and sorbate determines the rate of a chemical reaction. Greater adsorption
in a lower time of contact indicates rapid reaction and vice versa. In this study, the results indicated clear
differences between the two biochars in terms of Cr(VI)-removal efficiency, with the EBC demonstrating
greater removal efficiency than the PBC at all contact times. In fact, in the case of the EBC, the Cr(VI)
removal increased from 47.58% to 54.33% within 1.0 h of contact time, followed by a decrease to 48.99%
for 3.0 h and then a gradual increase up to 72.37% after 48 h of contact time. Likewise, there was no sharp
increase in Cr(V1) removal up to 5 h of contact time in the case of the PBC; however, after this point, there
was a gradual increase in Cr(VI) removal up to 42.59% after 48 h of contact time. These results suggest
that both biochars required a longer contact time for the maximum removal of Cr(VI) from water. This
could have been due to the persistence of the natural composition of the feedstock and the limited
availability of active sites, particularly in the case of the PBC. Furthermore, the functional groups on
biochars tend to become stabilized in forming complexes with Cr(V1), thereby lowering the adsorption
efficiency with the increase in contact time (Lian et al., 2019). The pHpzc is another important parameter
for determining the charge on biochar surfaces. After 5 h of contact time, the solution pH was lower than
the pHpzc of both biochars (solution pH 6.04 < 7.44 pHezc of PBC, and solution pH 6.20 < 6.70 pHpzc of
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EBC), indicating that, at this point, the biochar surfaces were positively charged, which resulted in the
electrostatic attraction of negative ionic species of Cr(VI) (Cr,07# and HCrO4"). However, the biochar
surfaces became negatively charged at and beyond 24 h of contact time when the solution pH was > 8, thus
causing a slow adsorption rate due to the lack of electrostatic attraction. Nevertheless, the biochar
engineering resulted in comparatively high Cr(VI) removal rates at various time intervals in comparison
with the non-engineered biochar. These results are consistent with those reported by Li et al. (2018), who
described how hydrophilic and hydrophobic functional groups on their CTAB-modified biochar increased
its adsorption efficiency in comparison with the pristine biochar. In the current study, the EBC was loaded
with more aromatic functional groups than the PBC (Fig. 2), which facilitated the greater removal of the

Cr(VI).

3.2.2. Adsorption isotherms

The Langmuir, Freundlich, and Temkin isotherm models were fitted through non-linear regressions to the
Cr(VI) adsorption data of the biochars, with the fitting results shown in Fig. 3. Meanwhile, the constant
parameters and R? values of the different models for Cr(V1) adsorption onto the different biochars were
obtained and are provided in Table 1a. Here, the R? values of the Langmuir model for the PBC and the EBC
were 0.998 and 0.978, respectively, while the corresponding 2 values were 0.073 and 0.700, respectively.
The Langmuir model predicted a maximum adsorption capacity (Qmax) of 14.56 mg g for the PBC and
27.05 mg g* for the EBC. The good fitting of the adsorption data to the Langmuir model indicated that
Cr(VI) may have adsorbed onto the biochar monolayers. Meanwhile, in the Freundlich isotherm model, the
R? values were 0.986 and 0.964 for the PBC and the EBC, respectively, while the corresponding y? values
were 0.423 and 1.196, respectively. The constant Kg is an approximate indicator of adsorption capacity,
while N is a function of the strength of adsorption in the adsorption process. If the value of N is below 1, it
indicates normal adsorption, while a value of above 1 indicates cooperative adsorption (Puttamat and
Pavarajarn, 2016). Here, the N values for both biochars were <1, indicating that there was no cooperative
adsorption, while the Kg value for the EBC (0.491 mg g!) was significantly higher than that for the PBC
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(0.194 mg g%), indicating a similar trend to that of the Langmuir model. Finally, in the Temkin isotherm
model, the R? values were 0.914 and 0.818 for the PBC and the EBC, respectively, while the corresponding
2 values were 0.022 and 0.016, respectively. The model-calculated B value was lower for the EBC (371.1)
than for the PBC (577.5), indicating the greater adsorption of Cr(V1) onto the EBC due to a decrease in the
adsorption heat and a uniform sharing of the binding energies.

Based on the R? and y? values, the Langmuir model was better fitted to our experimental data than the other
models. Somewhat, the EBC demonstrated greater adsorption of Cr(V1) than the PBC, as was predicted by
all three models. It is notable that due to the multivariate properties of biochar, several adsorption
mechanisms could be involved in the elimination of Cr(VI) from water. In this study, the overall controlling
mechanism of adsorption could be the monolayer-to-multilayer adsorption of Cr(VI) onto the biochar
surface, as indicated by the good fit of the adsorption data to both the Langmuir model and the Freundlich

model.

3.2.3. Adsorption kinetics

Adsorption kinetics experiments are generally performed to determine the rate of adsorption, including in
terms of mass transport and chemical reaction processes. Here, the adsorption kinetics data were fitted
linearly to various kinetic models (first-order, second-order, pseudo-second-order, and intra-particle
diffusion), as shown in Fig. 4. The calculated constant parameters and R? values of the different kinetics
models are given in Table 1b. The pseudo-second-order model exhibited high R? values for both the PBC
(0.985) and the EBC (0.996). This model explains that the mechanism of interaction between adsorbent and
adsorbate could be via chemical bonding or via complexation involving electron exchange, which is
generally known as chemisorption. Between the two biochars, the EBC exhibited a greater g. of 0.851 mg
g ! than the PBC (0.497 mg g ), as predicted by the pseudo-second-order model. Similarly, a higher rate
of reaction (k2") was exhibited by the EBC (1.088 g mg* h™?) than the PBC (1.020 g mg* h™?), indicating
that the adsorption kinetics of aqueous Cr(VI) occurred faster in the former than in the latter. The other
kinetic models were poorly fitted to the Cr(V1) adsorption data, as indicated by the R? values of <0.9. These
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results indicate that chemisorption could be the main mechanism for aqueous Cr(\VI) removal by biochars.
The kinetics analysis also confirmed that the EBC was a more efficient sorbent in removing Cr(V1) from
water.

The adsorption experiments indicated the comparatively greater efficiency of the EBC than the PBC. This
could have been due to the changes in biochar properties following the CTAB engineering. For example,
more aromatic and positively charged functional groups were observed on the EBC than on the PBC (Fig.
2), which could have been involved in complex formation with the Cr(VI). Moreover, the electrostatic
interaction between the highly charged surfaces of the EBC and the Cr(V1) could have resulted in the greater
adsorption efficiency. In fact, the potential role of surface charge in the adsorption of anionic contaminants
with CTAB-modified biochars has previously been reported (Aroke et al., 2014; Mathurasa and

Damrongsiri, 2018).

3.2.4. Column adsorption and desorption

The continuous flow fixed-bed columns packed with each PBC and EBC were used for the treatment of
real wastewater contaminated with Cr(V1). The adsorbed amount (C.q) of Cr(VI) onto the PBC and EBC
columns as a function of time is shown in Fig. S2a (supplementary material). It was observed that up to 4
h, the C,q increased gradually, while after this point, the adsorbed amount became almost constant. This
could indicate the equilibrium in Cr(V1) adsorption over time. The saturation time of the fixed-bed column
was relatively short, which could be due to the high flow rate of 6.0 mL min* through the bed of only 6.3
cm height. One of the challenges faced by the column adsorption experiments is the movement of the mass
transfer zone, which is initially saturated with the adsorbate molecules near the bed entrance, and further
restricts the contact of adsorbent with adsorbate, consequently requiring the replacement of the adsorbent
(Patel, 2019). However, as mentioned earlier, this issue can be solved by increasing the bed height of the
column, and increasing the contact time, or decreasing the flow rate of influent into the column. Much like
with the batch adsorption experiments, the EBC demonstrated greater adsorption of Cr(V1) than the PBC.
The performance of the fixed-bed biochar columns in terms of Cr(VI) adsorption was evaluated using the
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removal percentage of Cr(VI) and the adsorbed amount (geq) Onto the biochars in the columns, with the
results presented in Table 2a. The removal efficiencies of the PBC and EBC columns were 60.42% and
74.72%, respectively, while the geq Values were 18.54 mg/g* and 22.93 mg/g?, respectively. These results
indicated the greater adsorption efficiency of the column packed with the EBC, and were highly consistent
with those of the batch adsorption experiments. The Thomas model parameters and R? values are shown in
Table 2b, with the R? values found to be 0.462 and 0.667 for the PBC and the EBC, respectively, which
indicated the poor fitting of the column adsorption data to this model. The relatively good fitting of the
Cr(VI) adsorption data for the EBC column to the Thomas model indicated that the adsorption was mainly
through the mass transfer of Cr(V1) onto the EBC. In this study, Cr(VI) was not removed up to 100%, and
the discharge limit of 1.0 mg L* of Cr(VI) in industrial effluent was not achieved, both in the batch and
column adsorption experiments. This could be related to the maximum adsorption potential of the PBC
(14.56 mg g*) and EBC (27.05 mg g%), which restricted the maximum removal of Cr(V1) to around 79%.
However, the removal efficiency can be increased by increasing the amount of adsorbent or bed height of
the column, and increasing the contact time, or decreasing the flow rate of the influent into the column.
Moreover, for practical application, series of fixed-bed adsorption columns can be employed (Patel, 2019).
Once the fixed-bed columns of the PBC and EBC were saturated with Cr(V1), they were eluted with 0.1 M
HNOs to desorb the Cr(VI) for the separate measurement of the recovery rate of the PBC and the EBC.
Figure S2b (supplementary material) shows the desorbed concentrations of Cr(VI) from the saturated PBC
and EBC columns at different time intervals. Here, it was observed that at the beginning of the desorption
experiment, the desorbed concentration of Cr(V1) was high in the PBC (20.85 mg L) and EBC (11.19 mg
L% columns. The high desorption rate at an initial time, regardless of biochar type, was clear, which was
due to the release of loosely bound Cr(VI) from the biochar surfaces. It was also noted that, initially, the
desorption rate was higher for the PBC column than for the EBC column, indicating that Cr(\V1) was more
tightly sorbed onto the EBC. This may suggest some type of strong inner-sphere surface complexation
between the Cr(VI) and the EBC. The total time required for the desorption of Cr(VI) from the columns
was 40 h for the PBC and 44 h for the EBC. In addition, the fitting of the regression lines indicated a more
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gradual Cr(V1) desorption from the EBC column (R? = 0.931) than from the PBC column (R?=0.813). The
desorbed amount of Cr(V1) and the column elution efficiency for the PBC and EBC are shown in Table 2b.
The total amount of Cr(VI) desorbed from the PBC and EBC packed columns was 13.83 mg g * and 10.45
mg g, respectively, with an elution efficiency of 74.61% and 45.56% for the PBC and EBC columns,
respectively. The greater elution efficiency of the PBC suggested that (i) the Cr(V1) was relatively loosely
adsorbed onto the PBC, and (ii) the sorbent could be recycled with greater efficiency after desorbing Cr(VI).
Meanwhile, the comparatively lower elution efficiency of the EBC column suggested that (i) the Cr(VI)
was relatively strongly sorbed onto the EBC, and that (ii) the Cr(VI) adsorption reaction by the EBC was
largely irreversible and that the metal could be retained stably by the EBC. The desorption results indicated
that for the removal of Cr(VI) from wastewater, the PBC could be a good candidate, since it can be reused
in several cycles for this type of removal.

A few studies have used peanut-shell-derived biochar, albeit engineered with materials other than CTAB,
for the removal of aqueous Cr(VI). For example, Al-Othman et al. (2012) reported a 16.26 mg g*
adsorption capacity of KOH-activated carbon derived from peanut shells, while Wang et al. (2020) reported
a 15.58 mg g* adsorption capacity (at 20°C) of kaolinite-modified biochar derived from the same waste
product. Overall, the adsorption performance of the CTAB-engineered biochar in this study in terms of

aqueous Cr(VI1) removal (27.05 mg g ) was better than those reported in the previous studies.

3.3. Immobilization of hexavalent chromium in soil

The Cr-contaminated soil was treated with different application rates of the two biochars in an incubation
experiment. The impact of the biochars on the immobilization of Cr(VI) was evaluated by determining the
bioavailable, leachable, and bio-accessible forms of Cr(V1), with the results shown in Fig. 5.

The water-soluble fraction of metals is considered to be the most bioavailable form in soil, one that is
readily available for plant uptake. Here, the biochar treatments significantly decreased the water-soluble
Cr(VI) content compared with that in the control (Fig. 5a). Specifically, at 1%, 2% and 5% (wt/wt) of the
PBC application rates, the water-soluble Cr(V1) decreased from 40.65 mg kg (in control soil) to 28.86,
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23.52, and 13.33 mg kg?, respectively. Meanwhile, at 1%, 2% and 5% (wt/wt) applications, the EBC
decreased the water-soluble Cr(\V1) content to 20.28, 8.14, and 3.35 mg kg, respectively. These results
indicated the enhanced immobilization of Cr(V1) in the soil with an increase in biochar application rate. On
comparing the two biochars at the respective applications, the EBC demonstrated a greater decrease in
bioavailability of Cr(VI) (up to 91.75%) in the soil. The possible reason for the greater immobilization
efficiency of EBC was related to the reduction of Cr(V1) through the carbonyl functional groups acting as
proton donors (Mandal et al., 2017).

The TCLP test is recommended for determining the toxicity of metals in soil, particularly in terms of metals
leaching from the soil to the groundwater as a result of acid rain. The control soil with no biochar exhibited
high TCLP Cr(VI) content (101.74 mg kg*; Fig. 5b), indicating that the soil was highly susceptible to
Cr(VI) leaching into the groundwater, ultimately causing toxicity. The greater TCLP Cr(VI) content in
relation to water-soluble Cr(VI) was due to the acidic extractant (acetic acid) used in the TCLP test. The
leachability of Cr(VI) was significantly decreased by the biochars at different applications. Meanwhile, the
increase in biochar application resulted in an increase in the immobilization of Cr(V1) in the soil, which
could ultimately decrease the toxicity of groundwater. Much like the bioavailable Cr(VI), the leachable
Cr(VI) fraction was reduced at a greater rate by the EBC (up to 100%) than the PBC (up to 82.01%). These
results suggest that the binding interaction of the EBC in terms of Cr(V1) was greater than that of the PBC.
To ascertain the impact of biochars on the direct ingestion of Cr(VI1)-contaminated soil by mammals, a
PBET test was performed. This test is useful for determining the toxicity of metals during soil ingestion in
the stomach of mammals since the extractant used is highly acidic and is thus representative of actual
stomach conditions. The results of the PBET test for Cr(\V1) concentration in the contaminated soil treated
with the biochars are shown in Fig. 5c. Here, the control soil with no biochar exhibited the highest PBET
Cr(VI1) concentration (168.97 mg kg 1), which was likely due to the high acidic conditions employed in the
PBET test. Both the biochars achieved a significant decrease in the bioaccessibility of Cr(\V1), while an
increase in biochar application resulted in a greater decrease in the bio-accessible fraction of Cr(V1).
Between the two biochars, the EBC again demonstrated a greater immobilization of Cr(VI) (up to 97.26%)
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in soil than the PBC (up to 73.32%). These results are consistent with the bioavailable and leachable
fractions of Cr(V1).

Overall, in terms of the remediation of Cr-contaminated soil, both biochars were effective in immobilizing
the Cr(V1), thereby decreasing its potential to cause toxicity. The greater immobilization effect of the EBC
than the PBC indicated that a strong chemical interaction between the Cr(VI) and the EBC surface could
have been present. The Cr(VI) remediation in contaminated soil was in good agreement with the results for
the Cr(V1) removal from water. Compared with the few available studies on Cr(VI) immobilization in soil
using modified biochars, we reported a good efficiency of the EBC. For example, Zibaei et al. (2020)
reported 46.23% and 38.95% reductions of Cr(VI1) in soil with chitosan-modified and hematite-modified
biochars, respectively, while Mandal et al. (2017) reported 55% and 48% reductions in Cr(V1) with chitosan
+ zerovalent iron-modified sheep manure and poultry-manure-derived biochars, respectively, and Wang et
al. (2019) observed a 67.34% decrease in the bioavailability of Cr(\V1) in soil treated with bacteria-modified
biochar.

Other soil parameters, such as pH, EC, soluble-NQOs, and PO4, were also analyzed to evaluate the effect of
biochars on soil quality, with the results shown in Fig. S3 (supplementary material). A significant increase
in the pH was observed for the soils amended with the biochars (Fig. S3a). However, the soil pH was <8,
indicating no harmful impact of the biochars since plants can grow normally in such soil types (Soti et al.,
2015). A significant decrease in the EC value of the soil was observed in all the biochar applications in
relation to the control (Fig. S3b). The reason for this decrease in soil EC could be attributed to the retention
of dissolved ions (e.g., Ca?*) on the empty exchange sites of the biochar (Sultan et al., 2020). Specifically,
the 5% application of the EBC significantly decreased the soil EC (0.02 dS m™), which could have been
due to its higher adsorption efficiency in terms of soluble ions than the PBC (0.07 dS m™), as was
ascertained from the adsorption experiments. Meanwhile, the soils amended with the PBC exhibited a
considerable decrease in the water-soluble NOs; and PO, concentrations (Fig. S3c, d), with the increased
application of PBC demonstrating the maximum NOs; and PO. adsorption. In fact, the NOs; and PO4
adsorption onto biochars has previously been reported (Zhou et al., 2019). In contrast, the EBC exhibited a
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significant increase in the NOs; and PO, concentrations (especially at 1% and 2% applications) compared
with the control. This could be attributed to the N- and P-containing functional groups present on the EBC
surfaces (Fig. 2). From these results, it can be inferred that the EBC could enhance the soil fertility by
increasing the bioavailable NOs and PO, contents in the soil, subsequently improving the plant's growth if
the soil is used for agricultural purposes.

Given the better performance of engineered biochar than its pristine counterpart in remediating Cr-
contaminated water and soil, and given the additional engineering steps required, the cost of this novel
approach could be high (not calculated in this study). However, the benefits of the engineered biochar in
comparison with the pristine biochar in terms of higher remediation efficiency could make it an attractive
approach in the future. In short, we can design biochars in accordance with the desired application through
engineering to avoid any negative impact. Furthermore, using cheap alternative resources, such as
household commodities and waste, for the production of engineered biochar could reduce the cost of the

attendant technology and subsequently increase the economic profitability.

4. Conclusions

The equilibrium adsorption isotherm experiments indicated a greater adsorption capacity of the engineered
biochar (modified with CTAB) than the pristine biochar (derived from peanut shell). The Langmuir model
adequately described the adsorption of Cr(VI) onto the biochars, indicating a monolayer type adsorption
process. The application of specific kinetic models indicated that chemisorption was the dominant
mechanism governing the interaction of Cr(V1) with the pristine and engineered biochars. Similarly, Cr(V1)
adsorption decreased gradually through continuous flow fixed-bed columns packed with the pristine and
engineered biochars, while the column desorption experiments indicated that Cr(VI) was more tightly
adsorbed onto the engineered biochar, suggesting a strong inner-sphere complexation between Cr(V1) and
this biochar. To meet the standard discharge limit (1.0 mg L) of Cr(\V1) from industrial effluents, it is
recommended to consider increased bed height, slow flow rate, and series of fixed-bed columns. Both the
biochars also demonstrated a great reduction in the bioavailability, leachability, and bioaccessibility of
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Cr(IV) in soil. Much like with the water remediation, the engineered biochar was more effective in
immobilizing Cr(V1) in the soil. Furthermore, the engineered biochar increased the water-soluble nitrate
and phosphate in the amended soil in comparison with the unamended soil, indicating that the remediated
soil could be utilized for agricultural purposes. For future research, we suggest employing other engineering
processes such as impregnation/coating with chemicals to increase the positive surface charge on biochar
for more efficient removal of Cr(VI) from tannery wastewater. Before practical application of the new
adsorption technology, the associated factors affecting the removal efficiency, and the permissible

discharge limit of the pollutant should be considered.
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Table 1: Parameters of different adsorption isotherm models (a) and kinetic models (b) for the removal of Cr(\V1) from water by the pristine biochar

(PBC) and the engineered biochar (EBC).

(@)
Biochar/ Langmuir Freundlich Temkin
isotherm model
R? v Qmax KL R? v N Kr R? v B
(mgg™) (Lgh (mgg™)
PBC 0.998 0.073 14.56 0.006 0.986 0.423 0.699 0.194 0.914 0.200 5775 0.181
EBC 0.978 0.700 27.05 0.009 0.964 1.196 0.696 0.491 0.818 0.519 3711 0.403
(b)
Biochar/ First order Second order Pseudo-second order Intra-particle diffusion
kinetic model
R? a k1 R? a ko R? a Qe ko h R? 12 Kd C
(@mg*h™) (@mg™ (mgg™) (gmg* (mgg™ (mgg™)
h1) h™1) h™)
PBC 0.891 0.031 0.011 0.859 0.104 -0.030 0.985 10.351  0.497 1.020 0.252 0.835 0.022 0.031 0.261
EBC 0.836  0.089  0.008 0.810 0.047 -0.012 0.996 2.360 0.851 1.088 0.788 0.877  0.016 0.045 0.542
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Table 2: (a) Adsorption process parameters and Thomas model parameters for Cr(VI1) adsorption and (b)

desorption process parameters for Cr(VI) desorption for the pristine biochar (PBC) and the engineered

biochar (EBC) in continuous fixed-bed columns.

(@)
Biochar Sorption process Thomas model
Removal Oeq k Qo R?
(%) (mgg™) (mLminmg™)  (mgg™)
PBC 60.42 18.54 0.048 3.28 0.462
EBC 74.72 22.93 0.072 2.03 0.667
(b)
Biochar Desorbed Cr(V1) Column elution efficiency
(mgg™) (%)
PBC 13.83 74.61
EBC 10.45 45.56
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838
839  Fig. 1: The SEM images of (a) the pristine biochar (PBC) and (b) the engineered biochar (EBC).
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Analysis of column data
The total adsorbed quantity of Cr(V1) (quwta) Was calculated from the following equation:

QA Q
Qroal = 000 ~ 1000

Caq dt

where Q is the flow rate (mL min) of wastewater; A is the area under the curve, which was calculated
through the integration of the plot of Ca (adsorbed Cr(V1) concentration) versus t time (min). The total
amount of Cr(VI) sent to column (M) Was calculated from the following equation:

C0 Q Liotal
1000

Miotal =
where C, is the initial Cr(VI) concentration (mg L) fed to the column, and tiea is the total flow time (min).
The following equation was used to evaluate the column performance:

Removal (%) = drotal X 1000

total
The column capacity or equilibrium Cr(V1) sorption (geq) was calculated from the following equation:

__ Ytotal

qeq - X

where (wotal iS the total amount of Cr(V1) adsorbed in the column and X is the adsorbent amount (g) filled

in the column.
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Table S1: Selected properties of the experimental soil.

Parameter Values

pH 5.00 £ 0.02
Electrical conductivity (dS m?) 0.081+ 0.00
Texture Silt loam
Clay (%) 25.32%
Silt (%) 53.98 %
Sand (%) 20.64 %
Organic matter (%) 0.93 £ 0.003
Water soluble phosphate (mg kg?) 62.00 £ 0.71
Water soluble nitrates (mg kg?) 26.33+0.98
Total Cr (mg kg?) 1992.23 +19.20
Cr(VI) (mg kg?) 212.88 + 15.06
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901 Table S2: Proximate analysis and physicochemical parameters of the pristine biochar (PBC) and the

902  engineered biochar (EBC).

Parameter Values

PBC EBC
Moisture (%) 3.34+0.19? 2.49+2.44P
Mobile matter (%) 24.11+0.56? 20.15+0.35°
Resident matter (%) 15.13+£2.29° 16.13+12.2°
Ash (%) 57.42+1.93° 59.63+4.31°
pH 9.46+0.017 6.30+0.01°
pHpzc 7.44+0.07% 6.70+0.04°
Electrical conductivity (dS m™) 0.249+0.0072 0.149+0.002°
Organic matter (%) 1.66+0.33? 1.15+0.34°

903  The similar upper case letters on the values indicate non-significant differences at P <0.05 between the

904  two biochars.
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906  Fig. S1: Effect of (a) initial concentration and (b) contact time on percentage removal of Cr(VI) from water
907 by the pristine biochar (PBC) and the engineered biochar (EBC). The similar letters on the bars indicate
908  non-significant differences at P <0.05.
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Fig. S2: (a) Adsorbed and (b) desorbed concentration of Cr(V1) as a function of time in a continuous fixed-

bed column of the pristine biochar (PBC) and the engineered biochar (EBC).
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Fig. S3: Effect of various application rates of the pristine biochar (PBC) and the engineered biochar (EBC)

on (a) soil pH, (b) soil EC, (c) water-soluble nitrates, and (d) water-soluble phosphates. The similar letters

on each bar indicate non-significant differences between the different treatments at P <0.05.
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