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Because of its extensive usage in industrial applications such as leather tanning, metallurgy,
electroplating, and refractory materials, chromium is one of the most dangerous trace elements
introduced into surface and ground waters. The sorption isotherm of chromium sorption onto
calcium alginate nanoparticles were analyzed using ten models—Henry, Langmuir, Dubinin-
Radushkevich, Freundlich, BET, Toth, Sips, Fritz-Schlunder IV, Baudu and Fritz-Schlunder V,
and fitted using non-linear regression. Only the Toth and Fritz-Schlunder V models were unable
to fit the data. Statistical analysis based on root-mean-square error (RMSE), adjusted coefficient
of determination (adjR’), bias factor (BF), accuracy factor (AF), corrected AICc (Akaike
Information Criterion), BIC and HQC showed that the Langmuir model was the best model in
terms of overall best criteria. The calculated evidence ratio was 7 with an AICc probability value
of 0.87 indicating that the best model was at least 7 times better than the nearest best model,
which was Freundlich. The calculated Langmuir parameters gmr value of 79.174 mg/g (95%
confidence interval from 50.702 to 107.646) and b value of 0.332 L/mg (95% confidence interval
from 0.294 to 0.371) is not much different from the linearized published work for the gL value
of 145 mg/g but lower than the b, value of 0.34 L/mg. The nonlinear regression method allows
for the parameter values to be represented in the 95% confidence interval range which can better
allow comparison with published results.

INTRODUCTION

contamination of chromium by industrial sources, on the other
hand, is becoming increasingly serious. A range of sources,

Consumption of polluted water by residents of low-income
neighbourhoods results in illness. Biological and inorganic
wastes, sediments, radioactive materials, effluents and sewages,
as well as heavy metals, are the principal sources of water
pollution. Heavy metals are a major source of concern among
these pollutants because of their toxicity, bioaccumulation,
persistence, and non-biodegradability [1-5]. Another source of
concern is the release of metals from large-scale mining
operations, which results in high concentrations of heavy metals
in rivers. Researchers are constantly on the lookout for
innovative methods of removing harmful metal ions from
wastewater. Chromium has long been a source of environmental
concern when it comes to wastewater treatment [3,6-9]. An
inadequate supply of chromium can have detrimental
consequences for the metabolism of both plants and animals. The

including the dye and pigment industries, wood preservation,
electroplating, and leather tanning, can contribute to chromium
contamination in wastewater. A total of over 80 percent of the
country's tanneries employs chrome tanning techniques. It is
estimated that the great majority of these facilities discharge
untreated sewage into the environment.

Currently, new chemicals are being released into the
environment as a result of current industrial activity patterns,
which is interfering with the regular flow of materials [10-14].
Heavy metals are defined as metals with a density more than or
equal to 5 g/mL and are classified as such. Today's world is
plagued by heavy metal contamination of water, which is a huge
problem. The absorption of heavy metals by organisms is also
found to be more dependent on the concentration of free metal
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ions in solution than the concentration of total metal in solution,
as has been discovered previously. Since improved correlations
between metal absorption and the concentration of free metal
ions or labile metals have been established, the bioavailability
and toxicity of heavy metals are now mostly governed by the
number of heavy metals present in free metal ions. They are
dangerous to human health because of their nonbiodegradability
and high concentrations of heavy metals. World Health
Organization (WHO) has identified a number of metals as the
most significant dangers to human health in the modern era.
These include cadmium, chromium, cobalt, copper, lead, nickel,
mercury, zinc, arsenic, and tin. The major three extremely
harmful metals are mercury, cadmium, and lead in terms of
neurotoxicity [15-19].

It is only the trivalent and hexavalent oxidation states of
chromium that are of concern to the environment, and they can
be found in a range of oxidation levels ranging from +2 to +6.
When present in high amounts, the trivalent chromium, Cr (III),
is a necessary trace element in living organisms, but it can be
hazardous to health when combined with organic compounds,
blocking specific metalloenzyme systems. Chromium in the
cryochromate (CrO4*) and dichromate (Cr207>) forms is more
toxic than chromium in other valence states [20]. When selecting
an adsorbent for the removal of dangerous metal ions, it is
important to consider both traditional and non-conventional
materials [9,21-24] including nanomaterials. The sorption of
chromium ions onto nanoparticles have been attempted before
using silicon and iron nanoparticles [25-27].

The precise assignment of biosorption kinetics and isotherms is
critical for understanding the process of biosorption in these
species. In many cases, the literature reports a linearized version
of an obviously nonlinear curve of these data. Nonlinear data
linearization distorts the data's error structure, making it more
difficult to assess uncertainty, which is often displayed as a 95
percent confidence interval range [28]. In this study the published
data from a chromium sorption onto calcium alginate
nanoparticle is remodeled with several more isotherms models
(Table 1) and then regressed using nonlinear regression method
and assessment of the best mode was carried out using various
error function analysis.

METHODS

Data acquisition and fitting

Data from Figure 1 from a published work [23] were digitized
using the software Webplotdigitizer 2.5 [39]. The data were then
nonlinearly regressed wusing the curve-fitting software
CurveExpert Professional software (Version 1.6). Digitization
using this software has been acknowledged for its reliability
[40,41].

Statistical analysis

A Dbattery of statistical discriminatory tests such as corrected
AlICc (Akaike Information Criterion), Bayesian Information
Criterion (BIC), Hannan and Quinn’s Criterion (HQ), Root-
Mean-Square Error (RMSE), bias factor (BF), accuracy factor
(AF) and adjusted coefficient of determination (R’) were utilized
in this work.

Table 1. Isotherm models utilized in this study.

Model Formula Refe-
rences
Henry’s law q. = HC, [29]
Langmuir e = AmibLCe [30]
isotherm €T 14 b,C,
Freundlich - [31]
isotherm qe = KpC,"
Dubinin- 1412 [32,33]
Radushkevich qe = qmprexp{—Kpr [RTln (1 + C_>]
isotherm ¢
Sips isotherm - [34]
_ KSquCg s
e 1
1+ K.C'S
Toth isotherm 4 = GmrCe [35]
(KT
BET isotherm 4 = Amper ABeT Ce [36]
¢ (1= BperCe)( = BpprCe + apprCe)
Baltll?u G = dmsbp Ce(1+x+y) 371
isotherm =
© 14 bct
Fritz- ApsClFS [38]
Schlunder-1V qe = brs
isotherm 1+ BrsCe
Fritz- mpssKi G5 [38]
Schlunder-V e = Brs
isotherm T+HKC

The RMSE was calculated according to Eq. (1), [28], and smaller
number of parameters is expected to give a smaller RMSE values.
n is the number of experimental data, Ob: and Pd; are the
experimental and predicted data while p is the number of
parameters.

(Eqn. 1)

As R’ or the coefficient of determination ignores the number of
parameters in a model, the adjusted R is utilized to overcome
this issue. In the equation (Eqns. 2 and 3), the total variance

2
of the y-variable is denoted by Sy while RMS is the Residual

Mean Square.

Adjusted (R 2 )= 1- R?:[S (Eqn. 2)
Y
Adjusted (R2 )= 1- M (Eqn. 3)

(n—p-1)

.
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The AICc is calculated as follows (Eqn. 4), where p signifies the
quantity of parameters and » signify the quantity of data points.
To handle data having a high number of parameters or a smaller
number of values corrected Akaike information criterion (AICc)
is utilized [42].A model with a smaller value of AICc is deemed
likely more correct [42]. The Akaike Information Criterion (AIC)
is based on the information theory. It balances between the
goodness of fit of a particular model and the complexity of a
model [43].

AICc:2p+nln[ﬁj+2(p+l}72(p+1)(p+2) (Eqn. 4)
n

n—p—2

Aside from AICc, Bayesian Information Criterion (BIC) (Eqn.
5) is another statistical method that is based on information
theory. This error function penalizes the number of parameters
more strongly than AIC [44].

BIC =n. ln% +k.In (n) (Eqn. 5)

A further error function method based on the information theory
is the Hannan—Quinn information criterion (HQC) (Eqn. 6). The
HQC is strongly consistent unlike AIC due to the In In # term in
the equation [42];

RSS

HQC=n><lnT+2><k><ln(lnn) (Eqn. 6)

Further error function analysis that originates from the work of
Ross [45] are the Accuracy Factor (AF) and Bias Factor (BF).
These error functions test the statistical evaluation of models for
the goodness-of-fit but do not penalize for number of parameter
(Eqns. 7 and 8).

[Z log (Pd,/0b, )]

= n

[ilog(Pdi 100; )| ]

Bias factor = 10 (Eqn. 7)

i=l "

Accuracy factor =10 (Eqn. 8)

Another error function analysis is the evidence ratio regarding
the difference between the two lowest AICc values (Eqn. 9),
where if it is the same, then each model will have an equal chance
of being true. If the difference in AICc scores is 6.0, model A has
a 95% chance of being correct, making it 20 (95/5) times more
likely than model B to be correct [28].

e 0.5A
Py (Eqn. 9)

= 1+eO.5A

RESULTS AND DISCUSSION

The equilibrium data from [23] was analyzed using ten models—
Henry, Langmuir, Dubinin-Radushkevich, Freundlich, BET,
Toth, Sips, Fritz-Schlunder IV, Baudu and Fritz-Schlunder V,
and fitted using non-linear regression. Only the Toth and Frtz-
Schlunder V models cannot fit the data (Figs. 1-7) Statistical
analysis based on root-mean-square error (RMSE), adjusted
coefficient of determination (adjR?), bias factor (BF), accuracy
factor (AF), corrected AICc (Akaike Information Criterion), BIC
and HQC showed that the Langmuir model was the best model
in terms of overall best criteria (Table 2). The calculated
evidence ratio was 7 with an AICc probability value of 0.87
indicating that the best model was at least 7 times better than the
nearest best model, which is Freundlich. The -calculated
Langmuir parameters gm. value of 79.174 mg/g (95% confidence
interval from 50.702 to 107.646) and b, value of 0.332 L/mg
(95% confidence interval from 0.294 to 0.371) is not much
different from the linearized published work for the g value of
145 mg/g but lower than the b. value of 0.34 L/mg [23].

([ ]
) e EXP
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[}
<]
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0.00 0.02 0.04 0.06 0.08

Ce (mg/L)

Fig. 1. Biosorption isotherm of chromium onto calcium alginate
nanoparticles as modelled using the Henry model.
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Fig. 2. Biosorption isotherm of chromium onto calcium alginate
nanoparticles as modelled using the Langmuir model.

_3.

This work is licensed under the terms of the Creative Commons Attribution (CC BY) (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.54987/ajpb.v3i2.603
https://doi.org/10.54987/ajpb.v3i2.603

JEMAT 2021, Vol 9,No 2, 1-7
DOI: https://doi.org/10.54987/jemat.v9i2.607

0.30 1 )

) ® EXP o ® EXP
=) =)
£ —Fr g —s
@ @
(<] (<]
0.00 T T T 1 0.00 T T T 1
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
Ce (mg/L) Ce (mg/L)
Fig. 3. Biosorption isotherm of chromium onto calcium alginate Fig. 6. Biosorption isotherm of chromium onto calcium alginate
nanoparticles as modelled using the Freundlich model. nanoparticles as modelled using the Baudu model.
0.30 0.30 1
0.25 1 0.25 1
0.20 0.20
E) ® EXP E) o EXP
S <)
£ 0.15- —BET £ 0.15 1 —F4
] ]
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0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
Ce (mg/L) Ce (mg/L)
Fig. 4. Biosorption isotherm of chromium onto calcium alginate Fig. 7. Biosorption isotherm of chromium onto calcium alginate
nanoparticles as modelled using the BET model. nanoparticles as modelled using the Fritz-Schlunder IV model.
0.30 )
Table 2. Error function analysis for the fitting of the isotherm of
0.25 - ° chromium onto calcium alginate nanoparticles.
Model p RMSE adR2 AlCc BIC HQC BF AF
0.20

Henry 1 0.06 0.76 -37.74  -44.06 -44.68 046 228
® EXP Langmuir 2 0.01 0.99 -57.41  -69.26 -70.49 094 1.10
Freundlich 2 0.01 0.98 -53.66  -65.50 -66.73  1.04 1.08

Qe (mg/g)
o
o

—S BET 3 0.01 0.99 -47.92  -69.02 -70.86 0.96 1.08
Sips 3 0.01 0.99 -48.49  -69.59 -71.43 099 1.05
0.10 4 Baudu 4 0.01 0.98 -27.85  -67.54 -70.00 0.99 1.05
F4 4 0.02 0.96 -21.66  -61.35 -63.81 1.04 1.08
0.05 4 Note:
RMSE Root mean Square Error
P no of parameters
0.00 T T T 1 adR?>  Adjusted Coefficient of determination
BF Bias factor
0.00 0.02 0.04 0.06 0.08 AF  Accuracy factor
Ce (mglL) AICc Adjusted Akaike Information Criterion

BIC  Bayesian Information Criterion
Fig. 5. Biosorption isotherm of chromium onto calcium alginate HQC  Hannan-Quinn information criterion

nanoparticles as modelled using the SIPs model.
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A broad range of sorbents, including nanomaterials with
various forms of coating and chemical synthesis method as well
as other approaches, can be used to remove trace elements from
freshwater [46-51]. Nanomaterials, which are defined as
materials and structures with at least from 1-100 nm offer
different mechanical, optical, magnetic, and chemical properties
with respect to particles and macroscopic surfaces of similar
consistency. These qualities are extremely dependent on the
shape, size, surface char-acteristics, and inner structure of the
particle, and they are unique from those of macroscopic surfaces
and particles of a comparable composition.

The sorption processes of nanomaterials are also reliant on
the physical-chemical characteristics of the fluid in which they
are absorbed or desorption, which should be kept in mind [52—
54]. When used as sorbents for the removal of toxic elements
from wastewater, nanomaterials must meet a number of
requirements, including being nontoxic, having high sorption
capacities, being selective to low concentrations of contaminants,
being easy to remove the sorbed contaminant from the surface of
the nanomaterial, and being recyclable. It has been investigated
whether detrimental trace elements can be removed from
aqueous solutions using a variety of nanomaterials, including
carbon nanotubes and carbon-based material composite materials
like graphene, nanometals or metal oxides, and polymeric
sorbents, which have all met these requirements to date [55-58].

The Langmuir isotherm is among the most cited best
isothermal models to govern biosorption of xenobiotics including
chromium sorption [21,26,59—77]. In a more specific detail, the
Langmuir models for chromium biosorption is the best model in
Cr (V]) and Fe (III) removal using Cajanus cajan husk [65]
(Cr(VI)) from aqueous solutions onto activated carbons (AC).
[78,79], biosorption and bioreduction of Cr(VI) by locally
isolated Cr-resistant bacteria [80] and agricultural wastes [8].
Both the Langmuir and Freundlich model were found to best fit
on Chromium (VI) adsorption on sulfonated lignite [81]. Also
both Langmuir and the Temkin model best fit the adsorption of
chromium (VI) by ethylenediamine-modified cross-linked
magnetic chitosan resin [82].

The maximum sorption uptake capacity reported in this
study is higher than several published works on nanoparticles
(NP) sorption of chromium such as Sn(II) oxy-hydroxides NP at
31 mg/g [83], multi-walled carbon nanotubes at 12.61 mg/g [84]
and lower than in several works such as nano zirconium oxide
187 mg/g [85] and Lagerstroemia speciosa bark (LB) embedded
magnetic nanoparticles 739.7 mg/g [86].

CONCLUSION

In conclusion, the absorption kinetics data of biosorption
isotherm on the biosorption of chromium onto calcium alginate
nanoparticles has been successfully analyzed using modelled
according to various models ranging from one to five parameters
models and fitted using non-linear regression. Statistical analysis
based on root-mean-square error (RMSE), adjusted coefficient of
determination (adjR?), bias factor (BF), accuracy factor (AF),
BIC, HQC and corrected AICc (Akaike Information Criterion)
showed that the Langmuir model is the best model in terms of
overall statistics. The calculated Langmuir parameters differ
slightly from the linearized method. The nonlinear regression
method allows for the parameter values to be represented in the
95% confidence interval range which can better allow
comparison with published results.
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