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Abstract: The suitability of beechwood chip biochar(BC1) and garden green waste biochar (BC2) for Cr(VI) removal was explored in this study.
Green waste biochar (BC2) was found to be the most effective for Cr(VI) removal (84.6 %) at room temperature at an adsorbent dose of 10 g L™ at
an optimum pH of 5. The Freundlich isotherm model exhibited the best fit, followed closely by the Langmuir model, suggesting a heterogeneous
adsorption process with a potential contribution from monolayer adsorption, as supported by nine error functions. Adsorption kinetics was
best explained by pseudo nth-order model (PNO). Gibbs free energy (AG) was found to vary between —24.19 to —29.48 (BC1) and —24.18 to
—28.39 483 kJ mol™}(BC2), indicating a spontaneous reaction. Enthalpy (AH) was 74.483 kJ mol-*for BC1 and 59.51 483 kJ mol-*for BC2, which

indicates chemisorption in the current study.

Keywords: beechwood, garden green waste, chromium, error function analysis, PNO model.

INTRODUCTION

W ATER contamination by heavy metals is a major
environmental global concern with chromium
being one of the most hazardous contaminants Chromium
pollution is a significant environmental threat, severely
impacting our environment and natural resources, espe-
cially water and soil.[¥l Cr has been ranked as Group1 car-
cinogen by International Agency for Research on Cancer.[2]
Anthropogenic sources of Cr are from industrial sources,
particularly from industrial processing and manufacturing
of chemicals, minerals, steel, metal plating, leather tanning,
textile dyeing, electroplating, and cement production, met-
allurgical and other works.®! Additionally, improper dis-
posal of chromium-containing waste and runoff from
agricultural practices using chromium-based pesticides
contributes significantly to chromium pollution in water
and soil. Chromium in form of hexavalent Cr(VI) is consid-
ered as 100 time more toxic as compare to Cr (Ill) because
of more availability mostly when pH of solution or soil is
more than 2.4 Cr(VI) levels in contaminated environment
can vary greatly, ranging from negligible amounts to con-
centrations above 5 mg L™ in industrial effluents, much
above the World Health Organization's (WHO) allowed limit

of 0.05 mg L for drinking water.l! Several studies have
shown that chromium is a toxic element that negatively
affects plant metabolic activities, hampering crop growth
and vyield and reducing vegetable and grain quality. The
hexavalent chromium has carcinogenic, teratogenic, and
mutagenic properties, so it has been identified as a priority
pollutant.ll Thus, it must be monitored in water, soil, and
crop production system. Various useful and practical reme-
diation technologies including ion exchange, membrane fil-
tration, electrochemical methods, and advanced oxidation
processes have been emerging in regulating chromium in
water, soil, and other resources.l”] While effective, these
methods often involve certain limitation such as high oper-
ational costs, energy and time consumption. A sustainable
remediation approach must be adopted to balance the
environment and nature. Therefore, sorption, particularly
utilizing low-cost and sustainable adsorbent, has arisen as
alternative approach for Cr(VI) removal due to its simplicity,
cost-effectiveness, and environmental compatibility.
Several studies in literature have evaluated biochar for the
removal of various toxic metals, including arsenic, lead,
cadmium, and mercury.l8l Its application for chromium
removal has also been reported, demonstrating significant
adsorption capacity under optimized conditions. Due to
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minimal requirement for pre-treatment, low cost of
production and large-scale availability, biochar offers
immense potential for Chromium remediation.® Further-
more, biochar has been utilized in agriculture, soil remedi-
ation, carbon sequestration, and wastewater treatment,
emphasizing its multifunctionality and environmental
benefits.

Four mechanisms dominating heavy metals removal
from water by biochar have been proposed which are as
follows (i) electrostatic attraction between heavy metals
and biochar surface; (ii) ion exchange between heavy met-
als and alkali or alkaline earth metals or protons on biochar
surface; (iii) complexation with electron-rich domain or sur-
face functional groups; (iv) co-precipitation to form insolu-
ble compounds.l*9 It has found that the Cr (VI) can be
removed by pristine biochar in an acid condition.[1%12] At
lower pH values, oxygen functional groups present on bio-
char undergo protonation and the protonated form of bio-
char interact the Cr(VI1) through electrostatic mode.[2% Also,
it has been found that with pH less than pHpzc, the
electropositive surface functional groups derived from pro-
tonation enhance the electrostatic attraction to electro-
negative Cr species.!’3] In addition, the positively charged
surface reduces the competitive adsorption of OH- anions
and supplies protons for the reduction of Cr (VI1).[14]

Thus, biochar fabricated from wood, algae, and
switchgrass, with acidic pH levels of 3 to 5.8, have been
found to be more suitable for Cr(V1) adsorption.[!5] Also it
has been found that the feedstock source with a low lignin
content produced abundant functional groups on biochar,
and higher pyrolysis temperature improved the surface
area of biochar, making it more conducive to the removal
of hexavalent chromium which in most cases was sorption
and reduction of Cr(VI) by the biochar.[1®]

Therefore, the influence of biomass composition and
pyrolysis temperature on the performance of biochar still
needs more exploration. In the present study, the charac-
teristic feedstock with different biomass compositions
were selected for biochar production. The objectives of this
study were as follows:

e To compare the effect of the two types of biochars, i.e.,
Beech wood chip(BC1) and green garden waste (BC2)
for Cr(VI) removal from contaminated water

e To gain a deeper understanding of the process of Cr(VI)
sorption by biochar through isotherm, kinetic and ther-
modynamic studies.

MATERIALS AND METHODS

Chemical Reagents

All the chemicals used in the study were of analytical
grade. All the glassware was washed with 0.1 N HNOs.

A chromium(VI) stock solution of 1000 mg L~ was prepared
by adding 14.3 g of K,Cr,07 to 500 mL of distilled water in a
volumetric flask.

Biochar Preparation and Characterization

The biochars were prepared from two different feedstocks
.Beech wood chips (BC1) and garden green waste (BC2) ina
slow pyrolysis process at a temperature of 450-500 °C. The
residence time in biochar formation was approximately
120-130 min. Nitrogen was used as an inert gas to maintain
oxygen-depleted conditions. The biochars were ground to
a size of < 1.5 mm. The biochars were pretreated with
deionized water to eliminate the presence of any ash impu-
rities. The dried biochars were then stored in an airtight
desiccator prior to use. Some basic physicochemical prop-
erties of biochars, i.e. specific surface area, pore size, % ash,
pH, electrical conductivity (EC) and cation exchange capac-
ity (CEC) were determined according to Kloss et al.,!”) and
the results are presented in Table 1. The physicochemical
properties of the two types of biochars used in this study
are given below.

Chromium Adsorption Experiments

All adsorption experiments were conducted in triplicates to
ensure reproducibility and accuracy of results. A fixed
volume of 50 mL Cr(VI) solution was used in 250 mL
Erlenmeyer flasks with the required dose of biochar (BC).
Kinetic experiments were first conducted at 25 °C to
determine the contact time needed to reach sorption
equilibrium, varying the contact time from 0 to 1440 minutes
with initial Cr(VI) concentrations of 10 mg L™, using 2.5 g L™
of BC at pH 5. Once equilibrium time was established,
equilibrium sorption experiments were performed to
investigate the effects of biochar dose and pH. The effect of
biochar dose was examined by varying the adsorbent dose at
2.5,5,7.5, and 10 g L™ while maintaining a fixed initial Cr(VI)

Table 1. Physicochemical properties of BC1 & BC2.

Beech Wood Chip Garden Green

Parameters (8C1) Waste(BC2)
pH (H.0) 8.78 9.03
pH (KCI) 8.46 8.77
EC (mScm™) 0.54 1.67
Ash content (%) 15.20 19.3
Density (kg m™3) 0.36 0.34
CEC (mmol / 100 mL) 9.83 12.85
SA (m?2g?) 27.24 31.54
C (%) 80.30 79.78
H (%) 1.60 1.59
N (%) 0.40 0.65
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concentration of 10 mg L™ at pH 5. Similarly, the effect of pH
was analyzed by adjusting the initial solution pH to 5.0, 6.0,
7.0, and 8.0 £ 0.05 using 1 M HNO; or 1 M NaOH, keeping the
initial Cr(VI) concentration at 10 mg L™ and a biochar dose of
2.5 g L™ For all experiments, samples were shaken
mechanically at a constant speed of 180 rpm for the required
contact time. After shaking, biochar was separated by
centrifugation at 5000 rpm for 5 minutes, and the solutions
were filtered through a 0.22-um filter. The absorbance of the
filtered solution was measured at a specific wavelength of
355 nm. The isotherm and kinetic models used in the study
are listed in Table 2.

Table 2. Isotherm and kinetic models used in the present study.

Assessment of Cr by Atomic Absorption
Spectroscopy

The Cr concentration in the water samples was
determined by a Fast Sequential Atomic Absorption
Spectrometer (wavelength 428.9nm at slit width 0.5 nm
in acetylene fuel with air as support medium) (Varian FS-
AA-240; Software version 5.01 Australia 1997-2003).
Standards, made by diluting spectral pure grade
chromium solution in 1:1 HCl at a concentration range of
1-100 mg L were run before metal analysis. The
absorbance of the metal was then analyzed by a
spectrometer.[10]

Model Equation Parameters
Isotherm models
K.,Q C ge (Mg g1) - equilibrium adsorption capacity
q, = —ads Tmax "e. (1) Kags (L mg™) - Langmuir constant related to free energy of adsorption
Lanemuirll 1+ Ko6.Ce Qmax(Mg g7%) - maximum adsorbent capacity
g 1 R separation factor
L= 1+K C (2) Co(mg L) - initial adsorbate concentration in solution
ads™0 Ce (mg L™) - equilibrium adsorbate concentration in solution
Ereundlichi™ g, = X _ KC,’ 3) Ki(mgg™) (Lg™) - fregndlich constant
m n - heterogeneity factor
q.CeerC i i -1
q, = s BET e (4) Ceer - BET constant related to the energy of surface interaction (L mg ™)
BET! Cs - adsorbate monolayer saturation concentration (mg L™)

Pseudo 1%t order™

Kinetic models (reaction models)

S L
Pseudo 2" order!**! 1+k,q,t
h = k,qe’ (7)
Ritchie's second _aqgpt
order (RSO)! €l a. = 1+at 8)
Pseudo nthorder 1

(PNO) 9 =0.|1-

[1+(n-1)a] "kt ]%

e
Kinetic models (Diffusion models)

=kt +C 10
Weber Morris e ! ip (10)

Intra-particle 3q. |D.
diffusion!’® kip =—=5 0= (12)

d, \'n

6 _

qt—qe[lf—ze Bf} (12)
Boyd’s internal us
diffusion modelt**! 7D

B= : (13)

gs - theoretical monolayer isotherm saturation capacity(mg g™)

gt (mg g) - amount of adsorbates adsorbed at time t
k1(min~) - pseudo 1% order rate constant

k2 (g mg™* min) - pseudo 2" order rate constant
h (mg gt.min™') - initial adsorption rate

g - equilibrium adsorption capacity at infinite time (mg g™%)
a - RSO rate constant (min™)

ge- equilibrium adsorption capacity at infinite time (mg-g™)
kn - rate constant (min=) (mg g*) ")
n - order of equation

ki (mg g™ min~2) - intraparticle diffusion rate constant
Cip (mg g7%) - boundary layer effect
Di(mm? min™) - liquid film effective diffusion coefficient
dp (mm) - diameter of adsorbent particle

B (/min~?) - rate Coefficient for effective diffusion process
Di(mm?2min~?) - liquid film effective diffusion coefficient
r (mm) - radius of adsorbent particle
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Thermodynamic Studies

Thermodynamic studies are indispensable for predicting
adsorption mechanisms (e.g., physical and chemical).
Thermodynamic studies were conducted, and the thermal
nature of the adsorption reactions was verified using the
Gibbs equation.

AG = AH —TAS (14)

Thermodynamic parameters include the changes in
Gibbs free energy (AG), enthalpy (AH) and entropy (AS) of
the adsorption system. These parameters are the actual
indicator to understand the thermodynamic state of the
adsorbents during Cr(VI) adsorption. AG indicates that
whether the reaction is spontaneous or nonspontaneous,
AH determines the exothermic and endothermic nature,
and AS reveals the high or lower degree of disorder at the
solid—liquid interface during the chemical reaction. These
parameters were determined by the following [Eq. (14—
18)].

Thermodynamic parameters can be computed using
the equation

AG® = —RTIn(K.) (15)

where R is universal gas constant (8.314 J mol~ K1), T is
absolute temperature in Kelvin, and K¢ is equilibrium
constant.

The value of Kccan be estimated according to the
method used by Zhou et al.,12% who recommended that K¢
could be obtained as a dimensionless parameter by using
[Eq 20]:

K. =M, -55.5-1000 - K, (16)

where K, is Langmuir constant L mg™, M, is molecular
weight of the adsorbate (g mol?), where the factor 55.5 is
the number of moles of pure water per liter. Hence,
substituting

AG® = —RTIn(M,, -55.5-1000 - K, ) (17)

The Gibbs energy change (AG®) is directly calculated
from [Eq. (17)] whereas the enthalpy change (AH°) and
entropy change (AS°) are determined using nonlinear
optimization of a plot of In Kcversus 1 / T and then using
the Van’t Hoff equation, [Eq. (18)].

AH® 1 AS°
AG =| — = |[+— (18)
r T R

Statistical Analysis

Experimentally obtained data were used for nonlinear
regression analysis of various equilibrium and kinetic
models. Various isotherm and kinetic models were checked
using Microsoft Excel (Microsoft Office 2016, USA). The
nonlinear least square technique via SOLVER based on the
generalized reduced gradient (GRG) method of iteration
available in Microsoft Excel was used to fit the
experimental data to the selected models.

Error Functions

It is essential to determine the error functions to validate
the goodness of fit for nonlinear isotherm models. To
accomplish this task, the nonlinear isotherm data were
computed to different error functions to obtain a holistic
view of the optimum parameters and prediction of
isotherms. The error distribution between the
experimental and model-predicted values of adsorption
capacities was minimized by reducing therespective error
functions using solver add-in Microsoft® Excel 2013, and no
constraints were applied during this minimization
technique and optimization of model constants.

The studied error functions ([Eq. (19-27)] are as
given below. The details of the studied error functions is
given in literature.[21-26]

Coefficient of determination (R?)
2

RZ _ Z(qfca\ B atexp) (19)
Z(qfca\ - a[cxn )2 + z(qfcs\ - qtcxp )2
Nonlinear chi-square test (x’)
o (g, —a.) (20)
2 Cexp €cal
X = —_— =
; qe(a\
Average relative error (ARE)
o (g, —a,) 21
e - 10000, — 4., (21)
i=1 a..,
Normalized standard deviation (NSD)
2
1 &l 9%, —9. (22)
NSD = 100 D
n—1= a.,,
Marquardt’s percent standard deviation (MPSD)
2
1 & 9%, —a. (23)
MPSD =100 D s
n—piz a,,
Sum of absolute error (EABS)
. (24)

EABS =)

i=1

9. —4

exp Ccal
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Hybrid functional error (HYBRID)
100 Zﬂ:(qew -q,.) (25)
n—piza q

HYBRID =

Eexp

Sum of square of the error (ERRSQ)

26
2 (26)

ERRSQ = Z”:(qe -q

exp Ecal
i=1

n-1 (27)
n-=p

RP*=R,=1-(1-R%

The parameters were optimized based on the sum of
square errors(ERRSQ), and eight other error functions were
checked for the optimum solution.

RESULTS AND DISCUSSION

Batch Adsorption Studies

The Cr adsorption capacities of biochars were studied over
a contact time range of 0-1440 min, as shown in Fig.1(a).
The BC2 biochar showed a higher adsorption capacity
(9.49 mg g1) than the BC1 biochar (8.12 mg g1). Rapid
Cr(VI) adsorpti on (12.7-16 %) occurred in 30-50 min due
to the availability of more active sites on the adsorbents.
This was followed by slow adsorption within 20-23 h. The
equilibrium time was marked as 24 h for biochar. This has
also been observed in a previous study. (8!

The pH varied from 5 to 8. The results of this experi-
ment showed that a maximum Cr (VI) removal of 4.328 mg
g1 (BC1) and 5.13 mg g! (BC2) was observed at pH 5 with
a 2.5 g L'! adsorbent dose at an initial concentration of
10 mg L1 (Figure 1 b). This decreased by increasing pH to
1.204 mg g1 (BC1) and 2.672 mg g1 (BC2) at pH 8. This has
also been observed in previous studies where a decrease in
pH from pH 5 to 2 has caused an increase in adsorption
capacity.[>427] At lower pH values, oxygen functional groups
present on biochar undergo protonation, and the proto-
nated form of biochar interacts with Cr (V1) through elec-
trostatic mode.[* Since the pH of both biochars was alkaline
(8.78 BC1 & 9.08 BC2); hence, with pH less than pHp,, the
electropositive surface functional groups derived from pro-
tonation enhance the electrostatic attraction to electro-
negative Cr species.5! In addition, the positively charged
surface reduces the competitive adsorption of OH- anions
and supplies protons for the reduction of Cr(VI).[l The high-
est metal removal rates of 78.1 % (BC1) and 84.6 % (BC2)
were observed at pH 5 and an adsorbent dose of 10 g L1
The percent removal of metal decreased with increasing pH
but increased with increasing adsorbent dose. The lowest
Cr(VI) % removal from aqueous solution was observed at
pH 8.

The increase in temperature (293-308 K) displayed
an overall increase in the adsorption capacity (Fig. 1(c)(d))
from 7.2t0 9.8 % for BC1 and 8 to 10.8 mg g~ for BC2 with
an increase in the initial concentration from 1-80 mg L1,
This result reflects the endothermic nature of the biochar
adsorbent during the Cr 9-adsorption reaction.
Previously, some researchers have demonstrated a
constantly promoting effect of rising temperature on
Cr(Vl)removal efficiency (10 to 45 °C).[28-30] The
enhancement in adsorption with arise in temperature
from 20 to 35 °C can occur either due to the increase in
the number of adhering sites on biochar, which are easily
accessible for adsorption, or it may be due to the
reduction in boundary layer thickness surrounding the
biosorbent surface, which diminishes the mass transfer
resistance to Cr(VI1).[31 This increase in Cr(VI) adsorption
with increasing temperature can also be related to the
swelling of the pores of the biochars, which can
accommodate more Cr(VI1).14

The respective Cr(VI) adsorption capacities of bio-
char decreased, i.e., 1.352-0.781 mg g! (BC1) and 1.46—
0.846 mg g! (BC2) with increasing adsorbent dose (Fig.
1(e)) because the adsorption capacity of the adsorbent is
not fully utilized at a high adsorbent dose in comparison to
a lower adsorbent dose. This might be due to the aggrega-
tion of the adsorbent due to increasing adsorbent dose,
and this high adsorption density may decrease the available
adsorption sites. However, the percentage removal of
Cr(VI) increased from 33.8-78.1 % (BC1) and 36.5-84.6 %
(BC2), contrary to the adsorption capacity obtained by
increasing the adsorbent dose. This is because of the
increasing number of grams of adsorbents per liter of
adsorbate participating in removal, despite reduction per
gram adsorption capacity. With a higher adsorbent dosage,
biochar showed superior adsorption efficiency and lower Cr
adsorption capacity.[30:32]

The increase in the initial concentration from 1 to
100 mg Lt exhibited an increase in Cr(VI) adsorption capac-
ities for biochar from 0.293 to 8.12 mg g (BC1) and 0.333
to 9.49 mg g1 (BC2) (Fig. 1(e)). This is because of the high
mass transfer driving force, and this gradient is responsible
for the larger number of Cr(VI) transfers towards the
limited adsorbent surface. This causes an increase in the
adsorption capacity with increasing initial Cr(VI) concentra-
tion. However, at higher Cr(VI) concentrations, the percent-
age removal decreased because of more residual Cr(VI) in
solution.33 The comparison table of BC1 and BC2 for differ-
ent parameters have been given in supplementary infor-
mation (Table S1 & S2).

Figure 2 illustrates the adsorption equilibrium data
of Cr(VI) onto BC1l (a) and BC2 (b), with Langmuir,
Freundlich, and BET isotherm models. The plots depict the
relationship between adsorbate concentration C. and
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Figure 1. Effect of (a) contact time, (b) pH, (c) temperature for BC1, (d) temperature for BC2, (e) variable dose and (f) initial

Cr(IV) concentration on biochar adsorption capacities.

adsorption capacity ge. at equilibrium,
comparison of how represents the
data. The equilibrium experiments for
isotherm modeling were conducted by varying initial Cr(VI1)
concentrations at a room temperature. This figure helps to
examine the feasibility of these models in illustrating the
adsorption behavior of BC1 and BC2 adsorbent.

providing a
each model
experimental

Application of Adsorption Isotherm
Models
Various isotherm models were tested using nonlinear anal-
ysis to uncover the adsorption mechanism and the best fit-
ting of the adsorption isotherm model can be judged based
on nine error functions. Detailed statistical error analysis is
provided in the Supplementary information in Table S3 and
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Figure 2. Cr(VI) adsorption data fit of (a) BC1 and (b)BC2 to the Langmuir, Freundlich, and BET isotherm models.

S4. The overall results obtained from the Langmuir,
Freundlich and BET are summarized in Tables 3 & 4. For
BC1, the maximum adsorption capacity, gmax, Was calcu-
lated as 15.35 mg g! of Cr(VI), and K. was calculated as
0.013 L mg. The R, value was found to vary from 0.987 to
0.435, reflecting a favorable adsorption process at 298.15 K.
The decreasing value of R, shows that the interaction
between Cr(VI) molecules and the adsorbent increases as
the concentration increases. The gmax for BC1 decreases
with increasing temperature from 20.520 to 11.547 mg g7},
while K increases from 0.0070 to 0.0344 L mg™ with an
increase in temperature from 20 °C to 35 °C.

For BC2 (Table 4), gmax Was calculated as 21.5 mg g1
of Cr(VI), and K. was calculated as 0.00985 L mg™1. The R,
value was found to vary from 0.99 to 0.5, reflecting a favor-
able adsorption process across the studied temperature
range. The decreasing value of R, shows that the interaction
between Cr(VI) and the adsorbent increases as the concen-
tration increases.[*] The gmax for BC2 decreased with an

Table 3. Isotherm models for Cr(VI) adsorption on BC1.

increasing temperature from 24.261 to 16.032 mg g7,
while K increased from 0.0070 to 0.0225 L mg™! with an
increase in temperature from 20 °C to 35 °C. In both cases,
the correlation coefficient for BC1(R2= 0.996) and BC2 (R2=
0.998) remained high, and ERRSQ (0.414 for BC1 and 0.454
for BC2) was intermediate, which indicates that this model
is applicable in the current study.

In the Freundlich model, K¢ for BC1 increases with in-
creasing temperature from 0.244 to 1.021 mg g! (mg L)
while n increases from 1.274 to 1.957 with increasing tem-
perature from 20 °C to 35 °C. The Kg for BC2 increases with
increasing temperature from 0.293 to 0.781 mg g (mg L1)"
while n increases from 1.281 to 1.653 with increasing
temperature from 20 °C to 35 °C. Additionally, it was
notable that the value of n~1 varies from 0.785 to 0.51 for
BC1 and 0.781 to 0.605 for BC2 by increasing the
temperature from 20 to 35 °C, which indicates
chemisorption as the dominant adsorptive force.B3%! The
error functions for the Freundlich model, such as ERRSQ,

Isotherm Models Parameters 20°C 25°C 30°C 35°C
Langmuir gm(mgg™) 20.520 15.353 14.525 11.547
Ki(Lmg™) 0.007 0.013 0.022 0.034
RL 0.99-0.585 0.987-0.435 0.979-0.32 0.979-0.32
R? 0.999776 0.996350 0.995525 0.988737
Freundlich Ke(mg g) / (mg LY)" 0.244 0.415 0.709 1.021
n 1.274 1.474 1.671 1.957
R? 0.998440 0.998037 0.999309 0.999431
BET Qs (mgg™) 19.673 14.933 14.237 11.364
Ceer (Lmg™) 67.351 121.690 201.108 319.583
Gs 9093.905 9093.001 9092.918 9089.708
R? 0.999777 0.996395 0.995618 0.988921
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were lowest for BC1(0.166) and BC2 (0.072), while the R?
values were highest for BC1 (0.998) and BC2 (0.999). As is
clear from Figure 3, the error functions had the lowest
value for this model; hence, this model provides the best fit
to the current study. Based on the change in the n value
with temperature, the BC1 surface is more heterogeneous
than BC2.

As is clear from Tables 3 & 4, the correlation coeffi-
cient for both BC1 (R2=0.999-0.989) and BC2 (R% = 0.999-
0.998) for the BET model is high; however, the error func-
tion for this model has the highest value in both cases,
indicating that the experimental data is not correlated with
the BET model. This indicates that multilayer adsorption is
not present in this case. This also indicates that in the cur-
rent study, single-layer adsorption is present, which can be
related to chemisorption.[3637] Based on error functions
(Table S3), isotherm fitting in terms of best to least is as fol-
lows: Freundlich > Langmuir > BET. Based on the isotherm
analysis, the adsorption on both biochar is a single-layer
heterogeneous adsorption.

Kinetics of Cr(VI) Adsorption on Biochar

The possible mechanisms of Cr(VI) transport towards the
adsorbent surface include film diffusion (boundary layer
diffusion), intra-particle diffusion (internal diffusion) and
binding of Cr(VI) to the available sites (adsorption reaction).
In the current study, four reaction models and two diffusion
models were used to investigate the adsorption mechanism.

Adsorption Reaction Models

Kinetic parameters for pseudo 15t order, pseudo 2" order,
Ritchie's second order and Pseudo-nth order are given in
Table 5 and 6. Error functions for these models are pre-
sented in Sl in Table S5 and S6. In the case of pseudo first-
order (PFO) model,8 for BC1 value of ge (0.293-

Table 4. Isotherm models for Cr(VI) adsorption on BC2.

8.12 mg g1) increases with increasing initial concentration
(1-100 mg L), as shown in Table 5. As seen from the
results of the error functions, a low correlation coefficient
(R2 = 0.976-0.995) and high error functions (ERRSQ =
0.0005-2.5; HYBRID = 2.88-8.09) indicate a modest fitting of
this model on BC1. The BC2 value of ge (0.333-9.49 mg g1)
increased with increasing initial concentration (1-100 mg L),
as shown in Table 6. As seen from the results of the error
functions, a low correlation coefficient (R2= 0.981-0.987)
and high error functions (ERRSQ = 0.0002-2.3; HYBRID =
1.5-5.03) indicate the modest fitting of this model.
Therefore, the results suggest that the pseudo first-order
(PFO) kinetic adsorption model is not applicable in the
current study.

In the case of pseudo 2,4-order (PSO) model,38! for
the BC1 value of ge (0.293-8.12 mg g!) increases with
increasing initial concentration (1-100 mg L™1), as expected,
as shown in Table 5, but the difference between gex, and ge
from the model varies from 1.36-3.41 %. The BC2 value of
ge (0.333-9.493 34 mg g!) increases with increasing initial
concentration (1-100 mg L), as expected, as shown in
Table 6, but the difference between gex and ge from the
model varies from 0.166—-2.908 %. Tables 5 & 6 show that
as the initial concentration of Cr(VI) increased, the initial
rate of sorption (h;) values increased from 0.011 to 0.435
mg g1 min~! (BC1) and 0.101 to 0.655 mg g~ min~! (BC2)
due to the greater driving force at higher initial concentra-
tions. Moreover, with increasing initial concentration, the
time required for reaching a specific fractional uptake in-
creased, and subsequently, the K; rate constants decreased
from 0.124-0.006 min~1 (BC1) and 0.904-0.007 min
(BC2). As seen from the results of the error functions, high
correlation coefficients RZ = 0.9999-0.9995 and R? =
0.9991-0.9998 exist for BC1 and BC2. In addition, other
error functions are given in Sl, such as ERRSQ and HYBRID,

Isotherm Models Parameters 20°C 25°C 30°C 35°C
Langmuir gm(mgg™) 24.261 21.501 19.000 11.547
K. (Lmg?) 0.007 0.010 0.015 0.034
RL 0.993-0.586 0.99-0.504 0.985-0.395 0.967-0.225

R? 0.998 0.997 0.997 0.998
Freundlich Ke(mgg™) / (mg L) 0.293 0.407 0.570 1.021
n 1.281 1.379 1.476 1.957
R? 0.999 0.999 0.992 0.995

BET Qs (mgg™) 23.21 14.933 20.793 14.236
Ceer (L mg™) 67.231 121.690 92.898 201.107

Cs 9093.815 9093.000 9093.422 9092.918

R? 0.999777 0.996395 0.995618 0.988921
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for both BC1 and BC2 are very low, which indicates that the
PSO kinetic adsorption model is suitable for biochar in the
current study. Additionally, based on the study of error
functions of isotherm and kinetic experiments, it can be
concluded that ERRSQ is the best criterion for optimizing
relevant isotherm and kinetic models.

The physical meaning of Ritchie’s equation!!¢l is that
adsorption is dominated by adsorption in active sites. For
BC1, the value of ginf increases with increasing initial con-
centration, as expected (0.302-8.34 mg g1), and the differ-
ence between gexp and ginf from the model varies between
1.35-3.3 %. (Table 5) The rate constant a increases
nonlinearly with increasing concentration (0.037—
0.052 min~1). Analysis of error functions shows that RSO
gives a modest fitting for the current kinetic study that is
slightly better than PSO. For BC2 the value of ginf increases
with increasing initial concentration, as expected (0.334—
9.69 mg g1), and the difference between gexp and gins from
the model varies between —0.16-2.8 %.(Table 6). The rate
constant « decreases nonlinearly with increasing
concentration (0.3-0.05 min~1). Analysis of error functions

Table 5. Kinetic models for Cr(VI) adsorption on BC1.

shows that RSO gives a modest fitting for the current kinetic
study that is slightly better than PSO.

The PNO model!’”! mainly represents the adsorption
processes such that the order factor is between 1 and 2 or
larger than 2. For BC1, the value of g. increases with increas-
ing initial concentration, as expected (0.30-8.35 mg g1), and
the difference between gex, and ge from the model varies
between 0.7-3.9 % (Table 5). The order of equation n re-
mains close to 2, varying from 1.83 to 2.3. The rate constant
K, decreased nonlinearly (0.11-0.006 (min-1)(mg g?)(-n)
with increasing concentration. For BC2, the value of ge
increases with increasing initial concentration, as expected
(0.33-9.6 mg g1), and the difference between gexp and ge
from the model varies between —0.15-2.5 % (Table 6). The
order of equation n remains close to 2, varying from 1.88 to
2.1. The rate constant K, decreased nonlinearly (0.11-
0.006 (min~1)(mg g-1)-n) with increasing concentration. A
close value of n to 2 in both cases indicates that PSO is more
applicable in the current study than PFO. Additionally, the
decreasing value of K, shows that adsorption slows down
with increasing concentration. Analysis of error functions

Cini / mg L™ 1 5 10 20 50 100
Gexp. / Mg gt 0.293 0.892 1.352 2.395 4.960 8.120
Pseudo—first order
Geat/ Mg g™t 0.253 0.857 1.298 2.29 4.763 7.8
K1/ min= 3.245 x 1072 3.788 x 1072 2.771x 1072 4,175 x 1072 3.242 x 1072 3.32x107?
Ge/ % -13.528 -3.95 —-3.964 —-4.394 -3.988 —-3.944
R? 0.994809 0.987506 0.989184 0.976126 0.985193 0.984812
Pseudo—second order
Gt/ Mg gt 0.302 0.912 1.398 2.427 5.094 8.336
K2/ g mgtmin™t 1.236x 10 6.721 x 1072 3.018 x 1072 2.854 x 1072 1.02 x 107 6.264 x 1073
h /mg gmin~ 1.129x 1072 5.587 x 1072 5.899 x 1072 1.682 x 107t 2.601 x 107! 4353 x 107!
Qe/% 3.321421 2.160673 3.411815 1.364432 2.687661 2.658791
R? 0.999641 0.999471 0.999980 0.998782 0.999995 0.999985
Ritchie's second order equation
o/ mint 0.037 0.061 0.042 0.069 0.051 0.052
Gt/ mg gt 0.302 0.912 1.398 2427 5.094 8.336
Ge/ % 3.215102 2.115130 3.299041 1.346112 2.617247 2.589951
R? 0.999641 0.999471 0.999980 0.998782 0.999995 0.999985
Pseudo—nt" order
Qeal / Mg g7 0.300 0.899 1.402 2.492 5.091 8.349
N 1.939 1.830 2.026 2.305 1.994 2.016
Kn/ min™ / (mg g™ 0.114 0.063 0.030 0.033 0.011 0.006
Qe /% 2.576028 0.704700 3.557014 3.917954 2.561080 2.739917
R? 0.999666 0.999700 0.999983 0.999411 0.999995 0.999986
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Table 6. Kinetic models for Cr(VI) adsorption on BC2.

Cini / mg L? 1 5 10 20 50 100
Gexo. / ME g1 0.333 0.892 1.460 2.620 5.560 9.493
Pseudo—first order
Geal/ Mg g 0.324 0.860 1.399 2.525 5.362 9.154
K1/ min? 1.705 x 10! 1.369 x 10! 6.356 x 1072 4.533x 1072 3.342 x 1072 4.022 x 1072
ge/ % —2.419805 -3.679869 —4.153062 -3.627677 —3.551982 —3.568904
R? 0.986632 0.981031 0.987183 0.984667 0.985934 0.987354
Pseudo-second order
Geal/ Mg gt 0.334 0.891 1.465 2.663 5.721 9.693
K2/ g mg™ min~ 9.039x 107! 6.721 x 1072 7.853 x 1072 2.943 x 1072 9.357 x1073 6.967 x 1073
h /mg g tmin~t 1.010x 10 5.587 x 1072 1.685x 10! 2.087 x 101 3.063 x 10! 6.546 x 107?
Qe/% 0.546565 —0.165547 0.323049 1.636385 2.907996 2.109665
R? 0.999811 0.999121 0.999564 0.999601 0.999801 0.999487
Ritchie's second order equation
a/min™ 0.302 0.235 0.115 0.078 0.054 0.068
Gint/ Mg g™t 0.334 0.891 1.465 2.663 5.721 9.693
qe/ % 0.578722 -0.165770 0.321933 1.609790 2.824736 2.065996
R? 0.999810 0.999121 0.999564 0.999601 0.999801 0.999487
Pseudo—nt" order
Qeal / Mg g 0.333 0.891 1.476 2.656 5.702 9.597
N 1.917 2.003 2.108 1.967 1.963 1.876
Kn/ min~ / (mg gt)t" 0.790 0.265 0.079 0.031 0.010 0.009
Qe /% 0.202743 —-0.147989 1.052267 1.358611 2.499455 1.087967
R? 0.999899 0.999123 0.999676 0.999593 0.999814 0.999628

shows that PNO gives the best fit for kinetic data with error
values better than other kinetic models. Based on error
functions (Tables 5 & 6), kinetic data fitting in terms of best
to least is as follows: PNO > RSO > PSO > PFO.

Adsorption Internal Diffusion Models

Internal diffusion models assume that the diffusion of
adsorbate within the adsorbent is the slowest step. The dif-
fusion of adsorbate in the liquid film around the adsorbent
and the adsorption onto the active sites are instantaneous.
Boyd'’s internal diffusion model and Weber-Morris internal
diffusion model were used to investigate the adsorption
mechanism in the current study. Conventionally, the
adsorption of heavy metals on char occurs through four dif-
ferent mechanisms.[3940] The first is the transport of the
adsorbate (in this case, heavy metals such as chromium)
from the bulk solution to the boundary layer of the BC (bulk
diffusion). The second is the migration of the adsorbate
through the boundary layer. Third, intraparticle diffusion
occurs by the migration of the adsorbate from the surface

toward the available active sites on the adsorbent within
the internal surface of the BC (pore). Finally, the adsorption
of heavy metals occurs on the entire surface through the
active sites of BC.

Boyd's modell'®! was proposed by Kumar et al. (2014)
to predict the actual slowest step in the adsorption process
and by Viegas et al. (2014) for estimating intraparticle dif-
fusion coefficients in adsorption processes. The difference in
estimated value of ge from geyp in Boyd's internal diffusion
model is 2.7-4.7 % (BC1) and 3.6-5 % (BC2). The value of B
was estimated using nonlinear analysis as 0.013-0.022 min~!
(BC1) and 0.019-0.08 min~1(BC2). Parameters for this model
givenin table 7 and 8 while error functions for Boyd’s internal
diffusion model given in Sl table S7 and S8) show that this
model is applicable to the current study. The diffusion
coefficients were also calculated using equation 13, as given
in table 2 in SI. The D; in this study varied from 7.3 to
12.7 x 1074 cm? min~! (BC1) and 1.1 to 4.6 x 103 cm?2 min!
(BC2)according to this model. The D; for BC2 according to
this model is 1.04 to 6.2 times higher than that for BC1.
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Table 7. Kinetic parameters for Cr(VI) adsorption onto BC1 with Boyd’s internal diffusion model.

Cini / mg L! 1 5 10 20 50 100
Qeal. / Mg gt 0.280 0.861 1.282 2.279 4.711 7.718
B/ min™t 0.013 0.020 0.015 0.022 0.018 0.018
D/ mm 1.5 1.5 15 1.5 1.5 15
Di/ mm?s? 1.22078 x 10~ 1.90319 x 10~ 1.43605 x 10~ 2.11413 x 10 1.69429 x 10~ 1.72416 x 10~
Ge/ % —4.295076 —3.566370 -5.181112 —4.856212 -5.028086 —4.947566
R? 0.948241 0.944101 0.952983 0.945522 0.952986 0.952736
Table 8. Kinetic parameters for Cr(VI) adsorption onto BC2 with Boyd’s internal diffusion model.
Cini / mg L? 1 5 10 20 50 100
Qcal. / Mg g™ 0.323 0.868 1.392 2.503 5.303 9.058
B/ min™ 0.080 0.060 0.035 0.026 0.019 0.023
D/mm 1.5 1.5 1.5 1.5 1.5 1.5
Di/ mm? st 7.57475 x 10  5.65688 x 10 3.34059 x 10 2.42931 x 10 1.76296 x 10 2.17292 x 10
Ge/ % —2.764861 —2.691296 —4.667970 —4.450282 —4.612687 —4.582802
R? 0.182713 0.505113 1.079133 1.981412 4.692037 7.474876

Table 9. Kinetic parameters for Cr(VI) adsorption onto BC1 with the Weber-Morris Intra-particle diffusion model (IPD).

Cini / mg L 1 5 10 20 50
Stage |
kip / mg g™t min/2 0.028 0.106 0.139 0.296 0.550
Cp/mgg™ 0 0 0 0 0
D/ mm 15 15 15 15 15
Di/ mm2min~t 7.425 % 1073 1.105 x 1072 8.320x 1073 1.196 x 102 9.672x1073
Time / min 0-40 0-40 0-40 0-40 0-40
R? 0.992642 0.989924 0.992703 0.982094 0.992609
Stage Il
kip / mg g™t min~/2 0.012 0.026 0.052 0.072 0.168
Cpo/mgg™? 0.115 0.529 0.607 1.369 2.562
D/mm 15 1.5 1.5 15 1.5
Di/ mm?min~t 1.386x 1073 5.977 x 1073 2.457 x 1072 4,752 x 1072 2.594 x 107t
Time / min 40-120 40-120 40-120 40-120 40-120
R? 0.997211 0.989756 0.988149 0.985811 0.986980
Stage Il
kip / mg g™t min~12 1.839 x 1073 3.760 x 1073 8.208 x 1073 1.107 x 1072 2.563 x 1072
Co/mgg™ 0.244 0.794 1.146 2.116 4.310
D/ mm 15 15 15 15 15
Di/ mm2min~t 3.106 x 10°° 1.298 x 10 6.187 x 10™* 1.125x 1073 6.034 x 1073
Time / min 120-720 120-720 120-720 120-720 120-720
R? 0.960196 0.935244 0.923286 0.896542 0.929579

100

0.909
0
1.5
9.845x 1073
0-40
0.992844

0.270
4.268
1.5
6.699 x 107t
40-120
0.989270

4.262 x 1072
7.047
1.5
1.668 x 1072
120-720
0.914105
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Table 10. Kinetic parameters for Cr(VI) adsorption onto BC2 with the Weber-Morris Intra-particle diffusion model (IPD).

Cini / mg L 1 5 10 20 50 100
Stage |
kip / mg g™t min~/2 0.056 0.145 0.207 0.334 0.628 1.152
Co/mgg™ 0 0 0 0 0 0
D/mm 15 1.5 15 15 1.5 1.5
Di/ mm?min~ 0.023 0.149 0.304 0.793 2.798 9.434
Time / min 0-40 0-40 0-40 0-40 0-40 0-40
R? 0.918437 0.930759 0.976458 0.986480 0.992244 0.990280
Stage Il
kip / mg g™t min/2 0.002 0.057 0.107 0.068 0.209 0.877
Co/mgg™ 0.300 0.706 0.992 1.688 2.747 6.128
D/ mm 15 15 15 15 15 15
Di/ mm?min~! 3.664 x 107 2.328 x 1072 8.194 x 1072 3.283x 107 0.309 5.465
Time / min 40-120 40-120 40-120 40-120 40-120 40-120
R? 0.805852 0.854960 0.927803 0.993177 0.953196 0.984587
Stage IlI
kip / Mg g™t min~2 2913 x10* 4,779 x 10 5.024 x 1073 7.499 x 1073 2.512 x 1072 3.270x 107
Cpo/mgg™t 0.325 0.882 1.329 2.418 4.927 8.631
D/mm 15 1.5 1.5 15 1.5 1.5
Di / mm?min~ 6.028 x 1077 1.623 x 1078 1.794 x 10 3.996 x 10 4.484 x 1073 7.600 x 1073
Time / min 120-720 120-720 120-720 120-720 120-720 120-720
R? 0.915360 0.898403 0.968921 0.888510 0.921328 0.882448

Due to the possibility of mass transport through the
diffusion mechanism as the rate controlling step, the ad-
sorption mechanism was also explored by the Webber-
Morris intraparticle diffusion model. The linear plot for some
parts does not pass through the origin, which suggests that
adsorption proceeds via a complex mechanism consisting of
both surface adsorption and the intra-particle transport
within the pores of the adsorbent. Table 9 and 10 contain
kinetic parameters for Cr(VI) adsorption onto BC1 and BC2
with Weber-Morris Intra-particle diffusion model (IPD)
respectively. The corresponding error functions are provided
in supplementary information as Tables S9 and S10. The plot
represents mainly three regions or stages of adsorption. The
first region (0—40 min) represented the external surface
adsorption (i.e., film diffusion), where adsorption is
instantaneous with ki, = 0.028-0.909 mg g~! min~Y/2 for BC1
and kip = 0.056-1.152 mg g min~/2 for BC2. Here, the
value of the boundary layer thickness Ci, is zero, which
shows that the process is diffusion controlled. The diffusion
coefficient D; values increase gradually from 7.4 x 1073-
11.96 x 103 mm2min~t, for BC1 and 0.0226-9.434 mm?2 min
for BC2 which shows that the process has started. D; values

for BC2 are much larger than BC1 which shows much faster
kinetics. However, this increase is erratic; hence, in stage 1,
the correlation between Kig and G, is not significant. The
second region (40-120 min) is related to intraparticle
diffusion, where adsorption is gradual with ki = 0.012-
0.27 mg g min"Y2 in case of BC1 and kj = 0.0023—
0.877 mg g min~/2 in case of BC2. approximately 2.3 to
4.15 times (BC1) and 24 to 1.3 times (BC2) smaller than at
stage |. Large value of boundary layer thickness Ci, = 0.12—
4.27 mg g~* for BC1 and G, = 0.3—6.13 mg g~* for BC2 shows
that film diffusion and intraparticle diffusion both play a
role in controlling adsorption. In this stage, Cr(VI) gradually
occupied the surface sites of biochar and slowly transferred
to the inner parts of the adsorbent. The diffusion coeffi-
cient Di values increase significantly from 1.38 x 10-3-
0.67 mm2min~for BC1 and 3.66 x 1075-5.47 mm2 min~!for
BC2. This is approximately 0.2 to 68 times for BC1 which
shows fast process kinetics. However, in case of BC2 there
is a decrease of about 1.7 to 616 times in D; in stage |, which
shows slower process kinetics. There is a strong correlation
between Kiq and Ci, here in both BC1 and BC2. The third
region (120-720 min), or a portion nearly parallel to the x-
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axis, indicates equilibrium adsorption.[*2 This third
region is related to the large boundary layer thickness,
where adsorption is very low, with ky = 1.8 x 1073-
42.6 x 103 mg g! min™Y2 for BC1 and ky = 4.8 x 10—
32.7 x 103 mg g! min"¥2 much smaller than at stage .
Highest value of boundary layer thickness Cj = 0.24—
7.05 mg g1 for BCland Cip = 0.3-8.63 mg g~* for BC2 shows
that the boundary layer has practically stopped the
adsorption. Here, all available pores of the adsorbent were
taken up by Cr(Vl), external mass transfer declined
dramatically, and the process actually stopped due to no
film or intraparticle diffusion. Hence, equilibrium
adsorption occurs, where the D; values are at a minimum
level for BC1 (3.11 x 105-16.68 x 103 mm?2 min~!) and BC2
(1.62 x 1078-7.6 x 103 mm?2 min~1) which shows that the
process ceases. Reviewing the error functions for all stages,
it is clear that the Weber Morris IPD model can be used for
modelling the process under study.

The plot thus suggests that the adsorption process
proceeds via surface adsorption and intraparticle or pore
diffusion. From these three regions, the rate limiting step
can be estimated. Thus, the ratio of time taken for film
diffusion to the time taken for intra-particle diffusion was
estimated (Table 9). If the ratio is more than unity (i.e., > 1),
it reveals that film diffusion is the dominant step in the
process. However, if the ratio is less than unity (i.e., < 1), it
indicates that the adsorption process is controlled by
intraparticle diffusion. Here, since the ratio is 0.5,
adsorption seems to be controlled by intraparticle
diffusion.

The value of Di from Weber Morris is 2 to 647 times
larger than that from Boyd’s internal diffusion model.
Comparing the error functions, it is clear that the overall
Weber Morris intraparticle diffusion model is more
applicable than Boyd’s internal diffusion model.

Thermodynamic of Cr(VI) Adsorption on
Biochar
The positive value of AH confirmed that Cr(VI) adsorption
on biochar is endothermic,!'”] hence, the increase in tem-
perature favors the adsorption process. The endothermic
nature is also verified from our earlier results showing an
increase in the sorption/removal capacity (Qmax) With in-
creasing temperature (Table 3). Furthermore, the value of
AH ranges between 2.1 and 20.9 k) mol~! and between 20.9
and 418.4 k) mol in the case of physisorption and chemi-
sorption, respectively.*3] For BC1 AH is 74.483 kJ mol-! and
BC2 59.51 kJ mol, which indicates chemisorption in the
current study. A positive AS of 0.337 kJ mol~1 K- (BC1) and
0.285 kJ mol® K1 (BC2) is attributed to the increase in
randomness at the solid—liquid interface.[*8! A negative AG
suggested that the adsorption process was spontaneous in
the studied temperature range (Table 11). An increase in

Table 11. Thermodynamics parameters of Cr (VI) adsorption
on BC1 & BC2.

Biochar Tempera- K NG/ AH/ AS/
ture k mol™ kJmol™ kJ mol™ K™
BC1 20°C 20444979 -24.192 74.483 0.337
25°C  37447.853 -26.105
30°C  62306.800 -27.826
35°C 99275.15 -29.478
BC2 20°C  20344.774 -24.180 59.508 0.285

25°C 28424968 -25.422
30°C  44181.346 -26.96
35°C  64866.162 -28.388

negative AG with an increase in temperature indicates
greater adsorption at higher temperatures.!'8! Based on
thermodynamic isotherms and kinetic studies, the adsorp-
tion of Cr(VI) on both BC1 and BC2 exhibits characteristics
of both monolayer and multilayer adsorption on a hetero-
geneous surface.

CONCLUSION

Beechwood chip biochar (BC1) and garden green waste
biochar (BC2) effectively remove Cr(VI) from aqueous
solutions, with maximum adsorption capacities of 8.13 and
9.49 mg g, respectively, at ideal pH of 5.0. While these
capacities are adequate for low to moderate chromium
contamination, additional optimization is required for
heavily polluted waterways. The adsorption process was
spontaneous, heterogeneous, and chemisorptive. The
equilibrium data fit well to both Langmuir and Freundlich
models (R? = 0.999) and had low error values. Kinetics
research revealed that the adsorption process adhered to
the pseudo-second order (PSO) model, with intra-particle
diffusion (Weber-Morris model) playing an important role
in rate regulation. Among error functions, ERRSQ was the
most trustworthy criterion for model optimization. The
thermodynamic values supported the spontaneous and en-
dothermic nature of Cr(VI) adsorption on biochars. The
comparatively moderate adsorption capacities reflect the
influence of the biochars' physical and chemical features,
such as surface area, porosity, and functional groups, and
are consistent with previous research. Future study should
focus on evaluating biochars in real contaminated water
matrices, comparing different biochars with diverse prop-
erties, and investigating further changes to optimize
adsorption performance for practical applications.
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Table S1: Comparison table summarizing the Cr(VI) adsorption performance of BC1 biochars

Parameter BCl1
Adsorption Capacity (mgg™!) (t | 8.12

= 1440 min)

Equilibrium Time 24 h
Maximum Adsorption at pH 5 4.328
(mg/g)

Adsorption at pH 8 (mg/g) 1.204

% Removal at pH 5 (10 g/L 78.1%
adsorbent dose)

Lowest % Removal (pH 8) Decreased
Effect of Temperature (293-308 | 7.2 — 9.8
K) on Adsorption Capacity

(mg/g)

Adsorption Capacity vs. 1.352 — 0.781
Adsorbent Dose (mg/g)

% Removal vs. Adsorbent Dose

33.8 > 78.1%

Effect of Initial Concentration
(1-100 mg/L) on Adsorption
Capacity (mg/g)

0.293 — 8.12

Table S2: Comparison table summarizing the Cr(VI) adsorption performance BC2 biochars

Parameter BC2
Adsorption Capacity (mgg™!) (t | 9.49

= 1440 min)

Equilibrium Time 24 h
Maximum Adsorption at pH 5 5.13
(mg/g)

Adsorption at pH 8 (mg/g) 2.672

% Removal at pH 5 (10 g/L 84.6%
adsorbent dose)

Lowest % Removal (pH 8) Decreased
Effect of Temperature (293-308 | 8 — 10.8
K) on Adsorption Capacity

(mg/g)

Adsorption Capacity vs. 1.46 — 0.846
Adsorbent Dose (mg/g)

% Removal vs. Adsorbent Dose

36.5 — 84.6%






Effect of Initial Concentration
(1-100 mg/L) on Adsorption
Capacity (mg/g)

0.333 —5 9.49






Table S1: Isotherm models error functions for Cr(VI) adsorption on BC1

Isotherm Parameters 20°C 25°C 30°C 35°C

Models

Langmuir HYBRID 4.179041 13.436896 12.555820 15.864142
ARE -3.482534 12.778785 12.527740 17.082734
MPSD 10.356963 29.115361 25.162058 32.453456
EABS 0.386345 1.831765 2.439280 3.930675
SSE 0.019502 0.412122 0.687912 1.546393
Aq (%) 9.874976 27.760408 23.991081 30.943157
x? 0.027068 0.387527 0.392496 0.838847
R? (adj) 0.999726 0.995539 0.994531 0.986234

Freundlich HYBRID -6.327302 3.383727 -3.311736 -6.449441
ARE 5.272752 6.989083 2.759780 5.374534
MPSD 12.122464 14.228041 7.401612 6.492077
EABS 1.034388 1.237538 0.824955 2.990116
SSE 0.128862 0.165591 0.085785 0.762862
Aq (%) 11.558316 13.565905 7.057160 6.189953
x? 0.076844 0.104540 0.042482 0.177224
R? (adj) 0.998094 0.997600 0.999155 0.999304

BET HYBRID 4.552512 14.861375 13.859639 17.523336
ARE 4.514248 12.716481 12.434113 16.980410
MPSD 10.851867 30.640839 26.427685 34.109400
EABS 0.387508 1.814618 2.406598 3.893064
SSE 0.019254 0.406200 0.672789 1.518181
Aq (%) 9.815883 27.715681 23.904740 30.853113
x? 0.026689 0.384851 0.386867 0.828856
R? (adj) 0.999693 0.995043 0.993974 0.984766






Table S2: Isotherm models error functions for Cr(VI) adsorption on BC2

Isotherm Parameters 20°C 25°C 30°C 35°C
Models
Langmuir HYBRID 8.421740 14.917176 3.749028 9.779490

ARE -7.018117 13.992366 -3.124190 -8.149575

MPSD 16.405843 29.115361 11.842298 25.910269

EABS 1.277395 2.053504 1.534002 1.333490

SSE 0.217041 0.453776 0.316089 0.199762

Aq (%) 15.642358 29.607270 11.291188 24.704472

x? 0.165282 0.463132 0.073871 0.251463

R? (adj) 0.997928 0.996927 0.997357 0.998745
Freundlich HYBRID -2.515937 6.483987 -12.279487 -4.169527

ARE 2.096614 7.023723 10.232906 3.474605

MPSD 10.387146 14.228041 24.145098 16.975721

EABS 0.712751 0.668154 3.038091 2.657099

SSE 0.065653 0.072016 1.140948 0.732034

Aq (%) 9.903755 20.148105 23.021448 16.185715

x? 0.056242 0.157691 0.408770 0.333675

R? (adj) 0.999199 0.999254 0.990963 0.994064
BET HYBRID 9.261312 16.508313 4.076760 10.785794

ARE -6.945984 -12.381235 -3.057570 -8.089345

MPSD 17.201452 31.013250 12.419310 27.272254

EABS 1.264243 2.036325 1.532925 1.312838

SSE 0.214223 0.447995 0.316762 0.193304

Aq (%) 15.559299 29.569974 11.233689 24.668682

x? 0.163207 0.460237 0.073724 0.249324

R? (adj) 0.997681 0.996956 0.997019 0.998630

Table S5: Kinetic models error functions for Cr(VI) adsorption on BC1
Pseudo-first order

HYBRID 8.092208 2.876414 3.789594 3.521094 3.573143 3.572992
ARE 8.320169 5.744815 6.801132 7.409008 6.578011 6.593305
MPSD 11.633269 10.101110 11.957229 13.037105 11.876800 11.952325
EABS 0.339821 0.542882 0.900026 1.930983 3.269909 5.392262
ERRSQ 0.000519 0.019535 0.056870 0.260220 0.748347 2.050316
AQ 11.322992 9.831698 11.638312 12.689386 11.560028 11.633538
%2 0.036619 0.037344 0.079274 0.192391 0.280091 0.470158






R? (adj) 0.994198 0.986037 0.987911 0.973317 0.983451 0.983026
Pseudo-Second order
HYBRID 0.354821 -0.759392 0.033220 0.350728 -0.000583 0.026553
ARE 0.960449 1.172956 0.216025 1.304822 0.084174 0.106116
MPSD 1.858799 2.823527 0.530865 1.827275 0.159327 0.177671
EABS 0.027115 0.077434 0.023176 0.405398 0.045184 0.111286
ERRSQ 0.000060 0.000818 0.000074 0.012291 0.000231 0.001850
AQ 1.809222 2.748219 0.516706 1.778539 0.155077 0.172932
X2 0.000343 0.002637 0.000174 0.007313 0.000079 0.000288
R? (adj) 0.999599 0.999409 0.999977 0.998639 0.999994 0.999983
Ritchie's second order equation
HYBRID 0.354814 -0.759447 0.033459 0.350763 -0.000528 0.026402
ARE 0.960506 1.172958 0.215966 1.304845 0.084203 0.106080
MPSD 1.859044 2.823435 0.530879 1.827340 0.159326 0.177592
EABS 0.027114 0.077439 0.023167 0.405397 0.045210 0.111284
ERRSQ 0.000060 0.000818 0.000074 0.012291 0.000231 0.001850
AQ 1.809461 2.748130 0.516720 1.778602 0.155076 0.172855
12 0.000343 0.002637 0.000174 0.007313 0.000079 0.000288
R? (adj) 0.999599 0.999409 0.999977 0.998639 0.999994 0.999983
Pseudo-nth order
HYBRID 0.567400 -0.203851 -0.048246 -0.512026 0.020286 -0.024513
ARE 1.091363 0.610606 0.248685 1.033060 0.088375 0.107538
MPSD 2.356552 1.275938 0.585562 2.267287 0.183183 0.177047
EABS 0.027083 0.062130 0.023852 0.226359 0.042382 0.116224
ERRSQ 0.000056 0.000442 0.000060 0.005940 0.000221 0.001690
AQ 2.229075 1.206916 0.553886 2.144639 0.173274 0.167470
12 0.000370 0.000999 0.000131 0.004568 0.000071 0.000256
R? (adj) 0.999604 0.999644 0.999980 0.999300 0.999994 0.999984
Table S6: Kinetic models error functions for Cr(VI) adsorption on BC2
Pseudo-first order
HYBRID 1.500878 5.038794 3.063115 3.393132 3.735521 3.467629
ARE 3.751326 0.582200 6.176427 6.247247 6.586204 5.927025
MPSD 7.902029 17.427991 12.274170 12.264573 12.416061 12.057393
EABS 0.162216 0.039171 0.988401 1.662585 3.561043 5.419433
ERRSQ 0.002254 0.022861 0.075665 0.205646 0.907348 2.301921
AQ 7.691271 7.828421 11.946800 11.937459 12.084906 11.735805






%2 0.012564 0.193898 0.099512 0.160019 0.326751 0.510162

R? (adj) 0.985060 0.978799 0.985675 0.982863 0.984279 0.985867

Pseudo-Second order

HYBRID -0.237344 1.052238 0.162356 0.027904 0.191288 0.008945
ARE 0.478436 0.056243 0.534597 0.531972 0.558592 0.630197
MPSD 1.410215 6.809573 0.940542 0.864214 0.924401 0.857999
EABS 0.015320 0.002628 0.107092 0.216547 0.353066 0.957220
ERRSQ 0.000033 0.001048 0.001496 0.004744 0.011494 0.082429
AQ 1.372603 2.433159 0.915456 0.841164 0.899746 0.835115
%2 0.000301 0.009632 0.001249 0.002473 0.002969 0.010134
R? (adj) 0.999789 0.999018 0.999513 0.999554 0.999777 0.999426

Ritchie's second order equation

HYBRID -0.267340 -0.465089 0.162387 0.027733 0.191362 0.007597
ARE 0.489827 0.946977 0.534581 0.531800 0.558247 0.630202
MPSD 1.403223 2.499630 0.940503 0.864149 0.923664 0.857850
EABS 0.016185 0.083466 0.107091 0.216525 0.352900 0.957376
ERRSQ 0.000032 0.001048 0.001496 0.004744 0.011494 0.082429
AQ 1.365797 2.432961 0.915418 0.841101 0.899028 0.834970
x2 0.000298 0.002628 0.001249 0.002472 0.002968 0.010135
R? (adj) 0.999788 0.999018 0.999513 0.999554 0.999777 0.999426

Pseudo-nth order

HYBRID -0.121710 -0.500388 -0.136653 0.544886 0.321676 0.420671
ARE 0.312097 0.954878 0.546353 0.823702 0.611934 0.890923
MPSD 0.697555 2.604659 0.824745 1.397826 1.276695 1.745015
EABS 0.012873 0.083801 0.115660 0.253549 0.314338 0.868822
ERRSQ 0.000016 0.001048 0.001109 0.005448 0.010882 0.060824
AQ 0.659821 2.463761 0.780131 1.322211 1.207633 1.650619
%2 0.000094 0.002664 0.000926 0.003426 0.003455 0.010911
R? (adj) 0.999880 0.998958 0.999615 0.999516 0.999779 0.999559

Table S7: Kinetic models error functions for Cr(VI) adsorption onto BC1 with Boyd’s internal diffusion

model
Cini (mg L) 1 5 10 20 50 100
HYBRID -51.195546 -35.515295 -46.954528 -25.033803 -37.662101 -36.701871
ARE -46.075991 -31.963765 -42.259075 -22.530423 -33.895891 -33.031684
MPSD 74.105138 62.350240 71.925658 54.697818 64.943185 64.215350
EABS 74.482075 38.258037 67.234150 21.607470 44546151 42.629220
ERRSQ 0.014197 0.114296 0.545333 1.522978 7.052269 18.785127






AQ 197.993 141.901 188.113 106.641 153.119 149.788

%2 0.264786 0.699832 1.277383 2.041735 4.319951 7.068514

R? (adj) 0.942151 0.937524 0.947451 0.939113 0.947455 0.947175

Table 8: Kinetic models error functions for Cr(VI) adsorption onto BC2 with Boyd’s internal

diffusion model
Cini (mg L) 1 5 10 20 50 100
HYBRID -3.650153 -6.936646 -13.657657 -22.903350 -34.584028 -27.199653
ARE -3.285137 -6.242981 -12.291891 -20.613015 31.125625 -24.479688
MPSD 26.939964 31.359962 42.342595 52.021589 62.393093 56.010720
EABS 0.890049 1.986896 7.360020 18.292711 38.101802 24.640761
ERRSQ 0.021912 0.054783 0.506009 1.773053 8.711131 24.148363
AQ 21.644 32.338 62.239 98.121 141.611 113.881
72 0.182713 0.505113 1.079133 1.981412 4.692037 7474876
R’ (adj) 0.956912 0.943652 0.949274 0.950922 0.949425 0.952692

Table S9; Kinetic models error functions for Cr(VI) adsorption onto BC1 with the Weber-Morris Intra-

particle diffusion model(IPD)

Cini (mg/L) 1 5 10 20 50 100
Stage I
HYBRID -38.442 -30.097 -38.070 -17.854 -30.784 -29.848
ARE 27.156 22.985 27.090 17.505 22.587 21.851
MPSD 72.084 59.117 74.083 40.597 60.959 59.673
EABS 0.035 0.151 0.157 0.495 0.629 0.982
ERRSQ 4.230E-04 5.503E-03 8.720E-03 5.508E-02 1.193E-01 3.072E-01
AQ 64.473 52.876 66.262 36.311 54.523 53.373
72 2.577E-02 7.212E-02 1.267E-01 1.298E-01 3.796E-01 6.041E-01
R? (adj) 0.987737 0.983207 0.987838 0.970157 0.987682 0.988073
Stage 11
HYBRID -0.004622 -0.003774 -0.013710 -0.006722 -0.008408 -0.006620
ARE 0.289391 0.401572 0.615975 0.500337 0.553151 0.493379
MPSD 0.493769 0.568434 0.883884 0.717891 0.793532 0.700568
EABS 0.002594 0.012375 0.026803 0.040789 0.091278 0.134112
ERRSQ 2.415E-06 3.853E-05 1.836E-04 4.261E-04 2.131E-03 4.525E-03
AQ 0.403 0.464 0.722 0.586 0.648 0.572
%2 1.084E-05 4.986E-05 1.691E-04 2.094E-04 5.175E-04 6.657E-04
R? (adj) 0.991633 0.969268 0.964447 0.957433 0.960939 0.967810






Stage 111

HYBRID 9.917E-04 -3.098E-03 -8.249E-03 -6.160E-03 -5.288E-03 -6.727E-03
ARE 0.452047 0.413934 0.623908 0.542396 0.534433 0.585678
MPSD 0.646470 0.545080 0.868006 0.766840 0.701696 0.797903
EABS 0.012566 0.035865 0.081428 0.126590 0.256961 0.460110
ERRSQ 2.517E-05 1.756E-04 1.004E-03 2.536E-03 8.930E-03 3.062E-02

AQ 0.609 0.514 0.818 0.723 0.662 0.752
%2 9.169E-05 2.043E-04 7.775E-04 1.092E-03 1.875E-03 3.947E-03
R? (adj) 0.948824 0.916742 0.901368 0.866982 0.909459 0.889564

Table 10: Kinetic model error functions for Cr(VI) adsorption onto BC2 with the Weber-Morris

Intra-particle diffusion model(IPD)

Cini (mg/L) 1 5 10 20 50 100
Stage 1
HYBRID 11.346 7.172 -4.436 -15.571 -27.001 -19.981
ARE -7.564 -4.782 2.957 10.381 18.001 13.320
MPSD 21.916 17.795 19.495 36.705 54.928 43.363
EABS 0.169 0.358 0.353 0.465 0.676 1.379
ERRSQ 9.245E-03 5.014E-02 3.324E-02 5.229E-02 1.437E-01 4.944E-01
AQ 51.134 131.109 186.501 300.106 562.938 1035.307
%2 3.896E-02 7.839E-02 5.180E-02 1.229E-01 3.710E-01 4.963E-01
R? (adj) 0.864062 0.884598 0.960763 0.977466 0.987073 0.983800
Stage 11
HYBRID 0.075385 1.765579 2.069629 -0.000984 -0.033757 2.935573
ARE -0.037693 -0.882789 -1.034815 0.000492 0.016879 -1.467787
MPSD 0.539744 8.722453 9.531579 0.414021 1.684997 13.072404
EABS 0.003829 0.187110 0.318522 0.025352 0.210090 2.697850
ERRSQ 6.063E-06 1.067E-02 3.091E-02 1.816E-04 1.222E-02 2.303E+00
AQ 28.692 164.134 287.774 297.345 725.549 2162.826
%2 1.880E-05 1.274E-02 2.368E-02 7.886E-05 2.631E-03 2.803E-01
R? (adj) 0.417555 0.564881 0.783408 0.979530 0.859587 0.953761
Stage 111
HYBRID -2.005E-03 -1.453E-01 -1.013E-03 -2.563E-03 -4.438E-03 -3.808E-03
ARE 0.001604 0.116230 0.000811 0.002050 0.003550 0.003046
MPSD 0.129749 0.668648 0.299052 0.495098 0.648095 0.612398
EABS 0.003010 0.037913 0.033456 0.090025 0.254641 0.427889
ERRSQ 1.467E-06 2.767E-04 1.453E-04 1.266E-03 9.665E-03 2.556E-02
AQ 1151.813 1293.083 1375.617 1811.693 333.748 651.974
%2 4.445E-06 3.146E-04 1.019E-04 4.982E-04 1.801E-03 2.769E-03
R? (adj) 0.891177 0.869376 0.960041 0.856655 0.898851 0.848862

Table 11S: Error functions for thermodynamics parameters of Cr(VI) adsorption on BC1 &BC2






BC1 BC2
Temp range 20-35°C 20-35°C
HYBRID 0.246 0.356
ARE -0.123 -0.178
MPSD 0.724 0.359
EABS 1.010 0.398
ERRSQ 4.881 2.010
AQ 0.640 2.494
72 7.238 1.473
R? 0.999 0.998
R%adj 0.998 0.995





