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Abstract In this research, activated carbon was pre-
pared from terrestrial moss and utilized as a low-cost
adsorbent to remove hexavalent chromium [Cr(VI)]
from aqueous solution. The study examined impor-
tant biosorption factors including initial pH (1-3),
contact time (0.5-24 h), initial Cr(VI) concentration
(20400 mg/L), and biosorbent dosage (0.05-0.4 g)
to assess their impact on the efficiency of modified
terrestrial moss (MAC) in eliminating Cr(VI) from
water. The biosorbent capacity was evaluated using
different kinetic models and isotherms. The highest
removal efficiency of Cr(VI) onto MAC was ascer-
tained as 97.8% at an initial solution pH of 1, MAC
dose of 0.2 g, initial Cr(VI) concentration of 50 mg.
L~!, and contact time of 15 h. The FTIR analysis
revealed the interactions of certain functional groups
in the adsorption of chromium ions. The biosorption
occurred through the anionic adsorption mechanism
and followed the pseudo-second order kinetic model.
The experimental data was best fitted with Freundlich
isotherm. Furthermore, the thermodynamic studies
suggest that the biosorption process is both sponta-
neous and exothermic. The positive entropy change
implied the randomness at the solid-liquid interface.
In light of these compelling results, the study recom-
mends the consideration of MAC as an efficient and
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practical solution for the removal of Cr (VI) from
aqueous environments.
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1 Introduction

Cr is a transition metal that is naturally found in all
sorts of environmental components such as air, water,
and soil but only in trace amounts. It exists in various
oxidation states, ranging from trivalent chromium,
Cr(II), to hexavalent chromium, Cr(VI). Among
these states, Cr(IIl) and Cr(VI) are the most com-
mon. Cr(Ill) is less mobile, quite stable and almost
non-toxic, while Cr(VI) is mobile, reactive and toxic.
Cr(VD) is formed naturally through the oxidation
of Cr(Ill) in the environment. However, anthropo-
genic activities such as industrial processes can lead
to an excess of chromium, which accumulates in the
ecosystem and food chain without converting into a
harmless form. The excessive amount of Cr(VI) has
toxic effects on the environment and living things,
including humans (Aigbe & Osibote, 2020; Sha-
hid et al., 2017). Cr(VI) is widely discharged from
effluents of industries such as tannery, electroplat-
ing, dyes, and paper production (Carolin et al., 2017;
Gujre et al., 2021). World Health Organization
(WHO) has set a maximum permissible concentration
for Cr (VI) as 0.05 mg/L and 0.5 mg/L in drinking

@ Springer


http://orcid.org/0000-0002-9495-3958
http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-024-07479-6&domain=pdf

662 Page 2 of 15

Water Air Soil Pollut (2024) 235:662

water and industrial wastewater, respectively (Pavesi
& Moreira, 2020). There is an urgent need to create
affordable and eco-friendly methods to efficiently
remove and recover toxic heavy metals from indus-
trial wastewater.

The most commonly used treatment processes for
Cr(VI) removal from wastewater are chemical pre-
cipitation, ion exchange, electrocoagulation, reverse
osmosis, membrane separation, electro-Fenton pro-
cess and adsorption (Golbaz et al., 2014; Mohammed
& Sahu, 2015; Rahmani et al., 2015; Kumar et al.,
2017; Mnif et al., 2017; Gogoi et al., 2018). However,
these techniques have various drawbacks including
high operational cost, higher quantities of sludge gen-
eration, high reagent and energy consumption, time-
consuming procedures, low selectivity (Carolin et al.,
2017; Iftekhar et al., 2017). Among these processes,
adsorption is often preferred due to its high removal
efficiency, cost-effectiveness, and easy handling
(Kumar et al., 2017; Carolin et al., 2017).

The commercial activated carbon is one of the
most used adsorbents for removal of the heavy met-
als. However, it has high cost and regeneration dif-
ficulties (Panda et al., 2017). As a result, research-
ers are turning their attention to producing activated
carbon from natural biomass. This approach is envi-
ronmentally friendly, cost-effective, and easy to per-
form (Afroze & Sen, 2018; Meitei & Prasad, 2013;
Naghipour et al., 2020). The biosorption of heavy
metals is a type of application of the sorption process.
This process involves the use of certain biomolecules
in biomass to bind and concentrate both cationic and
anionic species of different toxic heavy metals in
aqueous solutions. The biosorption process is driven
primarily by the strong affinity between the multi-
ple functional groups of the biosorbent, including
hydroxyl, carboxylic acid, amide, carbonyl, and ether,
and the adsorbates (Nouha et al., 2016).

In literature, various types of biomass have been
investigated for industrial application such as algae,
plants and their nuts, rice husk, orange peel, fish
scale, and, moss etc. (Batool et al., 2019; Bonyadi
et al.,, 2022; Pradhan et al., 2019; Teshale et al.,
2020; Xiong et al., 2023; Yusuff, 2019). Moss spe-
cies, however, have been less studied compare to
others. Mosses are green plants similar to algae,
but they have a more complex structure resembling
stems and leaves. Terrestrial mosses, also known
as Bryophyta, are found in most terrestrial habitats.

@ Springer

They are the second largest group of land plants and
are extremely rich in a variety of biologically active
compounds such as phenols, protein, lipid, lignin
and other aromatic compounds. These aromatic
compounds consist of one or many aromatic rings
with hydroxyl groups in combination of C-O groups.
(Hao et al., 2015; Klavioa & Sprioie, 2016).

The existing constraints on the application of most
biosorbents, as documented in literature, are primar-
ily attributed to their low biosorption capacities.
Clearly, further investigation is needed to identify an
effective biosorption process for Cr (VI) ion removal.

The primary objective of this study is to explore
the use of modified terrestrial moss (MAC) as a
cost-effective biosorbent for removing Cr (VI) metal
ions from aqueous solutions. The study investigates
the impact of key process parameters such as pH,
contact time, Cr (VI) concentration, and biosorb-
ent dosage on the efficiency of biosorption. The
biosorbent undergoes comprehensive characteriza-
tion using SEM, XRD, and FTIR to gain a thorough
understanding of its physical, chemical, and surface
morphological properties. Additionally, the study
includes the examination of adsorption isotherm,
adsorption kinetic, and thermodynamic studies to
elucidate the interactive behaviour of Cr (VI) ions
and the biosorbent surface under optimized experi-
mental conditions.

2 Material and Methods
2.1 Chemicals

Chemicals, such as K,Cr,0, (Merck), H,SO, (CDH)
and 1,5-diphenylcarbizide (Sigma-Aldrich), were
used in the biosorption experiments. pH adjustments
were made by adding either HCI (1N) or NaOH (1N)
to achieve the desired values. All chemicals used in
the experiments were of analytical grade.

2.2 Preparation of Biosorbent

Samples of terrestrial moss were collected from a
geothermal hot springs area in Yalova, Turkey, which
is far away from any source of pollution. Initially,
the collected mosses were rinsed several times with
Milli-Q water to remove primary impurities. Fol-
lowing this, the whole mosses, without grinding or
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disaggregation, were immersed in boiling 1 N HCI
solution for 60 min to modify the sorbent surface
completely. Subsequently, the mosses were washed
with distilled water to eliminate excess HCI from
the surface. Finally, the washed mosses were dried
for 48 h in an oven at 80° C until completely dehy-
drated, and then powdered using a mortar. The pre-
pared mosses, referred to as MAC, were stored in
desiccator at room temperature for further adsorption
experiments.

2.3 Adsorption Characterization

Fourier transform infrared (FTIR) spectroscopy study
was carried out using Perkin Elmer Spectrum model
in the range of 500-4000 cm™! to analyze the func-
tional groups of the samples.

A scanning electron microscope (SEM) operating
at 15 kV was used, specifically a Hitachi S-4800, to
study the adsorbent morphology. The X-ray diffrac-
tion (XRD) of the biosorbent was performed using
Philips X’Pert X ray diffractometer (model PW 1730)
with Cu Ka radiation within 20 range of 10-80°.

2.4 Batch Adsorption Experiments

A chromium sample was prepared by dissolving a
known quantity of potassium dichromate (K,Cr,0,)
in double-distilled water and used as a stock solu-
tion. Different initial solutions with varying concen-
trations of Cr(VI) were then prepared by diluting
from the stock 1000 mg/L Cr(VI) standards. Batch
adsorption tests were carried out to investigate the
effects of solution initial pH (1-3), Cr (VI) concen-
tration (C;=20-400 mg/L), and the adsorbent amount
(0.05-0.4 g) on Cr(VI) adsorption. Samples of MAC
were added to 200 ml glass beakers containing 50 ml
of the specified Cr (VI) solution as stated by the
experimental condition. The stirring speed was set at
300 rpm using a laboratory hotplate magnetic stirrer.
The thermodynamic study was conducted at tempera-
ture ranging from 25° C to 45° C. After the biosorp-
tion process, the solution was filtered through filter
paper, and then the residual Cr (VI) content in the
filtrate was analyzed using the 1, 5-diphenylcarbazide
method with a “VWR UV-1600PC spectrophotom-
eter set to 540 nm.

The percentage removal of Cr (VI) (Re %) and
adsorption capacity at equilibrium time (q. mg/g),
were calculated by the Eq. 1 and 2:

Re% = (C; = C;)/C; x 100 (1

(C;-C,)V
g = @
m
where C; and C; are the initial and final Cr (VI) ion con-
centrations (mg/L), respectively, C, is the equilibrium
time concentrations of Cr (VI) (mg/L), m is the adsor-
bent mass (g), and V is the volume of the solution (L).
Biosorption capacity at time t as follows:

V(C, - C,
qIZM 3)

m

where C, is the concentration at any time t.

2.5 Adsorption Kinetics

In this study, pseudo first-order, pseudo second-
order, and intra-particle diffusion models were
applied to analyze the adsorption process. Pseduo
first-order nonlinear equation (Lagergren, 1898) is
expressed by Eq. (4) as,

dq
— =hil(a.—4) 4)

The equation can be rearranged into Eq. (5):

log(g, — q,) = logq, — Q)

1
2.303
where g, is the sorption capacity (mg/g) at any time
t (min) and k; (mg/g.min) is the rate constant of
pseudo first order.

Pseudo second-order nonlinear equation (Blan-
chard, 1984) is presented in Eq. (6):

dq,

m=b@—w2 (©6)

The Eq. (6) has been rearranged to obtain a linear
form of Eq. (7):

At @
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where k, (g mg™! min~!) is the rate constant of
pseudo second order model.

The linearized transformation of the intra-particle
diffusion model (Weber & Morris, 1963) is presented
as follows:

g =kt +C (8)

k, intra-particle diffusion rate constant (mg
g ! min~®%) and C (mg/g) is a constant associated
with the thickness of the boundary layer, where a
higher value of C corresponds to a greater effect on
the limiting boundary layer.

2.6 Equilibrium adsorption isotherm

In this study, the applicability of two-parameter iso-
therm models as Langmuir and Freundlich were tested
to choose the best model for describing and predicting
the adsorption of Cr(VI) onto MAC.

2.6.1 Langmuir Isotherm

The Langmuir isotherm assumes that the adsorbate
molecules form a monolayer on adsorbents with homo-
geneous surface. The non-linear equation of the Lang-
muir isotherm has the general form (Nourmoradi et al.,
2016),

QzaxKLCe
4=~z (€))
1+K;C,
e (4)+] 10
q. KL * Qmwc Ce Qmax
where Q,,, (mg/g) is the maximum saturated mon-

olayer adsorption capacity of an adsorbent, C, (mg/L)
is the adsorbate concentration at equilibrium, q.
(mg/g) is the amount of adsorbate uptake at equilib-
rium, and K; (L/mg) is the Langmuir equilibrium
constant related to the affinity between an adsorbent
and adsorbate.

An essential factor of the Langmuir isotherm is the
separation factor (R; ) which is defined as follows (Mar-
tins et al., 2015):

1

R = ——
LT 1+K,C, (11
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2.6.2 Freundlich Isotherm

The non-linear equation of Freundlich isotherm is
applied for multi-layer, heterogeneous adsorption
sites and is expressed as follows (does not describe
the saturation behavior of an adsorbent) (Martins
et al., 2015):

1
q, = KzC; 12)

1
logq, = ;logCe + logKy (13)

where q, (mg/g) is the amount of adsorbate uptake
at equilibrium, C, (mg/L) is the adsorbate concen-
tration at equilibrium, Ky (mg/g)/(mg/L) n is the
Freundlich constant, and n (dimensionless) is the
Freundlich intensity parameter, which indicates the
magnitude of the adsorption driving force or the sur-
face heterogeneity.

According to the Freundlich theory, the adsorption
isotherm becomes linear when n=1, favorable when
n> 1, and unfavorable when n< 1.

2.7 Thermodynamic Study

The temperature dependence in the biosorptive
removal of heavy metal ions from aqueous solu-
tions is associated with thermodynamic parameters
as Gibbs free energy (AG®), enthalpy (AH°), and
entropy (AS®). These thermodynamic parameters can
be calculated according to the following equations:

The relationship among AG, AH, AS, and abso-
lute temperature (T) is shown in Eq. (14) (Bermidez
etal., 2012).

AG = AH — TAS (14)

The AG values at different temperature can be
computed using the law of thermodynamics as given
in Eq. (15) (Pradhan et al., 2019).

AG = -RTin(K,) (15)

where Kc is the dimensionless equilibrium constant
and R is the universal gas constant. Since the Lang-
muir constant K; was derived in the previous section,
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the dimensionless value of Kc can be computed by
the formulae given in Eq. (16) (Pradhan et al., 2019).

K, = 51996x55.5xK, (16)

The value 51.996 is the atomic weight of Cr in
mg.mol~!. The value 55.5 is the concentration of
water mol.L™!. The AG values at different tempera-
ture were calculated using the formulae in Eq. (15).
The AH and AS were calculated according to
Eq. (14). A graph of AG plotted versus T gives a
straight line, and the slope and intercept are respec-
tively -AS and AH.

3 Results and Discussion
3.1 SEM, XRD, and FTIR Analysis of Biosorbent

The SEM analysis of the MAC samples was con-
ducted before and after the adsorption of Cr(VI) under
optimal operating conditions with 100X magnification
(Fig. 1). In Fig. 1b, it can be observed that after the
loading of Cr(VI), the pores on the fresh biosorbent
were covered, resulting in a relatively smooth surface
due to the adsorption of Cr(VI). The X-ray diffraction
(XRD) plot of MAC is shown in Fig. 2. The presence
of the pointed peaks in XRD pattern indicates the crys-
talline nature of MAC. The characteristic diffraction
peaks at 20=16.516°, 22.589°, 26.651°, and 34.898°
illustrate the carbon graphitic structure of MAC

SpotMagn  Dat W ; eS| 100um b
“950x  SE ‘-‘.J el

(Girgis et al., 2007). These peaks could be indexed
to activated carbon (JCPDS reference No. 82—-1691).
Typically, a noticeable hump in the range 20-30° rep-
resents a significant degree of disorder, which is typi-
cal of carbon structure (Adeyikna et al., 2019). The
XRD plot of Cr (VI) loaded MAC indicated that the
structure of biosorbent remined almost unaltered after
biosorption. The XRD analysis was also confirmed by
SEM analysis of both the unloaded and Cr(VI) loaded
biosorbent, which revealed a change in surface rough-
ness while maintaining the same surface morphology
with less porosity.

The Fourier Transform Infrared (FTIR) spec-
trum analysis was conducted to comprehensively
understand how functional groups on the surface of
the MAC interact with Cr(VI) ions. Figure 3 illus-
trates the FTIR spectra of the MAC before and after
the adsorption of Cr(VI). It is clear that certain
peaks shifted, disappeared, and new ones emerged
after the Cr(VI) biosorption, indicating a significant
transformation. The broad peak at approximately
3309.4 cm™! represents the typical O-H stretch-
ing vibration of hydroxyl groups. However, when
the material is loaded with Cr(VI), this peak shifts
to 3303.1 cm™!, indicating binding of Cr(VI) with
the OH group (Srivastava et al., 2016). Additionally,
a new peak at 3011 cm™! appears due to the coordi-
nation of Cr(VI) ions with a functional group. Fur-
thermore, the shift in the peak from 2914,8 cm™!
to 2918,5 cm™!, confirming Cr(VI) binding with

AccV SpotMagn Det WD p—————{ 100 um
150kV 30 250x SE 73 GIU X

b)

Fig. 1 SEM images of (a) fresh MAC and (b) Cr(VI) ions loaded MAC
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Fig. 2 XRD diffraction patterns of fresh MAC

Fig. 3 FTIR spectra of a)
before and b) after Cr (VI)
biosorption

a: MAC Before Biosorption
b: MAC After Biosorption
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aliphatic C-H groups. The band observed at about
1599,6 cm™! could be assigned to the stretching band
of the free carbonyl double bond (C=0) from the
carboxyl functional group that may be attributed to
lignin aromatic group. The peak at 1410,8 cm™" could
correspond to the bending vibration of -NH group.

@ Springer
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The biosorption bands at 1240.9 cm™! and 1150 cm™!
and 1058,1 cm™! could be assigned to C-O stretching
in the carboxylic acid and -C—C-group, respectively.
Furthermore, the absence of a peak suggests that
residual carboxylate groups have been transformed
into carboxylic acid groups, as expected at such a low
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pH (Solisio et al., 2013). Therefore, the changes in the
FTIR pattern indicate the successful chemical modifi-
cation of terrestrial moss into MAC and the interac-
tion of Cr(VI) with acidic carboxyl (C-O and C=0),
hydroxyl (O-H), and amine (N-H) groups present on
the MAC surface.

3.2 Effect of Initial pH and Contact Time

The pH of the aqueous solution is an essential fac-
tor affecting biosorption of toxic heavy metal onto
biosorbent. This dependency is both related to the
surface properties of the biosorbent and chromium
species in solution. The occurrence of active side
on biosorbent depends on protonation reactions
between functional groups of biosorbent and ambi-
ent. The ionization of functional groups leads to the
formation of negative or positive charges (such as
-COO~ or -COOH,*) on biosorbent’ surface. Through
electrostatic attraction, positively or negatively
charged heavy metals can be fixed on the biosorbent
(Qiu et al., 2021).

The distribution of Cr (VI) species is primarily
influenced by pH and adsorbent properties. Between
pH 1 and 4, the dominant oxyanion form of Cr (VI)
is HCrO, ~. As the solution pH increases, the con-
centration of HCrO,~ shifts to other forms, CrO,>
and Cr,0,% Above pH 6, CrO, 2 becomes dominant,
while Cr,0,7% is the predominant Cr(VI) species at
acidic pH (Gottipati & Mishra, 2016).

100 4
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40

20

Re (%)

-20 4

40
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The data in Fig. 4 clearly showed that the removal
of Cr(VI) from the solution occurs much more rap-
idly at pH 1 and 1.5 compared to at pH 2, 2.5, and 3.
This is likely due to the affinity between the adsorbent
and Cr species, resulting in a swift initial adsorption
rate at pH 1 and 1.5. Chen et al. found that Cr species
have different affinities to be adsorbed and reduced
(Chen et al., 2011). Initially, adsorption takes place
rapidly due to the abundance of available active sites.

As seen in Fig. 4a it was found that approximately
80% of Cr(VI) adsorption onto MAC occurred within
3 h, and this adsorption process reached equilibrium
in 6 h at pH 1. At this pH, after the optimum removal
efficiency reached 97.82% in 15 h, the desorption
was observed. Furthermore, the removal efficiency
of Cr (VI) was 59% in 3 h, and maximum removed
Cr (VI) was 91.42% at pH 1.5. Equilibrium was con-
sistently achieved at approximately 15 h, after which
the removal efficiency gradually decreased until 25 h.
The removal efficiency followed the order of pH
2>pH 2.5> pH 3, with values of 80%, 45%, and 38%,
respectively, at 15 h, and then decreased further.

In the biosorption study, after the active binding
site of the respective functional groups was saturated,
the biosorption reached equilibrium. Also, the inner
pores of the biosorbent could become full for adsorp-
tion of Cr (VI) as seen in Fig. 1.

The adsorption density and removal efficiency of
Cr (VI) gradually decreased after 15 h of processing
time at all initial pH levels. This suggests that the
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Fig. 4 Effect of initial pH on a) Cr (VI) removal efficiency by MAC b) adsorption capacity (C;=50 mg.L.7")
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desorption of the Cr (VI) molecule occurred from
the biosorbent surface. This could be attributed to the
physisorption nature of adsorption, where the chro-
mium molecule tends to revert after reaching equilib-
rium or when the biosorbent site becomes saturated
(Halder et al., 2016; Sharma et al., 2013).

Figure 4b clearly demonstrates that the maxi-
mum adsorption capacity occurred at pH 1, reaching
11.9 mg/g. This capacity gradually decreased as the
initial pH values increased. At the highest pH of 3,
the adsorption capacity dropped to 5.5 mg/g. It was
observed that the adsorption of chromium anions on
the biosorbent surface decreased with increasing pH
value. At low pH values, the surface of MAC was pos-
itively charged. Therefore, the study suggested that
the predominant species was the HCrO4~ adsorbed
onto protonated (positively charged) sites of the
biosorbent’s surface at strong acidic pH levels, in
accordance with Eq. 17. These findings are consistent
with those of previous studies (Doke & Khan, 2017,
Panda et al., 2017). Based on these observations, the
adsorption mechanism is likely physical biosorption
due to electrostatic interaction between the positively
charged sites and negatively charged species under
acidic conditions.

[BS — OH,|" + HCrO,- — BSHCrO, + H,0  (17)

where [BS — OH,]* is one of the representative proto-
nated active functional group on biosorbent surface of
prepared active carbon.

As the initial pH of the solution was increased,
the functional groups on the surface of the biosorb-
ent became less protonated, resulting in an increase in
negative charge on the surface. This led to a reduction
in the affinity of Cr(VI) anions to the biochar. The
higher concentration of OH™ ions also hindered the
diffusion of Cr(VI) complexes to the surface. Con-
versely, under acidic conditions, Cr(VI) complexes
could have been further reduced by electrons pro-
vided by MAC, as mentioned in the work of Gogoi
et al., 2018 and Usman et al., 2015 (Eq. 18).

HCrO, + 7H* + 3¢~ < Cr’* +4H,0 (18)

Under strongly acidic conditions, the presence of pos-
itively charged H* ions on the surface of the MAC can
lead to electrostatic repulsion between Cr(IIl) ions and
the bioadsorbent. As the pH increases, the MAC surface
becomes negatively charged, facilitating electrostatic

@ Springer

attraction between the MAC and Cr(III) ions.. However,
in this study, at the examined pH values (1-3.5), Cr(III)
precipitates as Cr(OH);. Therefore, the precipitation
of Cr(IIl) and/or other mechanisms for Cr(III) removal
can be excluded based on the research in the literature
(Gogoi et al., 2018; Zouboulis et al., 1995).

At pH 1 and 1.5, the contact time was sufficient to
achieve real equilibration of adsorbent and adsorb-
ate. Therefore, using data taken a significant time
after reaching equilibrium or very close to equilib-
rium could lead to erroneous conclusions regarding
adsorption kinetics. For this reason, the optimum
contact time was set at 7 h and the initial pHs were set
at 1, 1.5 and 2 for the further experiments.

3.3 Effect of Initial Cr (VI) Concentration and
Biosorbent Dosage

A large amount of chromium (VI) was adsorbed
when lower concentrations were used as seen in
Fig. 5. With a change in the initial concentration of
the Cr(VI) solution from 20 to 400 mg/L, the removal
efficiency of Cr(VI) decreased from 98.5% to 62% at
pH 1, from 96.7% to 48% at pH 1.5 and from 82.5%
to 43% at pH 2, respectively. At low concentrations,
the available surface area of the adsorbent was large.
As a result, fractional adsorption became independent
of the initial concentration. However, at higher con-
centrations, available adsorption sites became fewer
and Cr(VI) removal percentage decreased (Deveci &
Kar, 2013; Panda et al., 2017).

It was also observed (the graph was not given)
that the adsorption density of Cr(VI) on the MAC
increased with increasing initial concentration. As
the Cr(VI) concentration increased from 20 mg/L
to 400 mg.L~' at pH 1, the adsorption capacity
increased from 4.93 mg.g~! to 62.03 mg.g™!. Deveci
and Kar reported that the values of q., for the adsor-
bents studied, were greater at higher initial concen-
tration, explaining that the initial concentration was
a key driving force to overcome the mass transfer
resistance of Cr(VI) ions between the liquid and solid
phases (Deveci & Kar, 2013).

The amount of biosorbent added is another fac-
tor that has an influence on the performance of the
biosorption process. As shown in Fig. 6, it had a
positive correlation with the Cr(VI) adsorbed on the
surface at an optimum contact time of 7 h and at pH
1.5. The removal efficiency of Cr(VI) reached more
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Fig. 5 The effect of initial
Cr(VI) concentration on Cr 100 H=1
(VI) removal by MAC at . ph=
different initial pHs (contact i .\ ®  pH=1.5
time 7 h, adsorbent dosage 90 —A— pH=2
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than 80% when the dosage of MAC was 0.2 g/50 ml.
However, while the adsorption capacity of MAC
decreased from 11 to 4 mg.g™!, the removal efficiency
of Cr(VI) did not change much when the concentra-
tion was further increased to 0.4 g/mL. An increase
in the dosage of the biosorbent led to a decrease in
the biosorption capacity. The maximum biosorption

Biomass dosage (g)

capacity as 25 mg.g~! was observed at lowest MAC
loading of 0.05 g/50 ml. This inverse relationship
may be due to the formation of agglomerated biosorb-
ent particles at high biomass loading, with the net
effect of reducing the available metal binding site. A
similar observation has been reported in recent inves-
tigations (Naseem et al., 2019; Ume et al., 2022).

@ Springer
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3.4 Kinetics Studies (Fig. 7)

In the study, the applicability of three different kinetic
models as pseudo first order, pseudo second order
and intraparticle diffusion were tested to investigate
the adsorption rate of Cr(VI) on MAC at initial pH
1, 1.5 and 2. The intra-particle diffusion model was
fitted to the kinetic data in order to understand the dif-
fusion mechanism and the rate-controlling step in the
adsorption process.

The kinetic parameters of the pseudo-first-order and
pseudo-second order models were evaluated from the
combined plots of log (q.-q,) versus t and t/q, against
t using Eq. 5 and Eq. 7, respectively, while the param-
eters contained in the intra-particle diffusion model
were obtained from the plot of g, versus t'2 according
to Eq. 8 (Fig. 8). Table 1 shows the calculated kinetic
constants and R? coefficients for each kinetic model.
The pseudo-second-order kinetic model had an R?
value closer to 1 (0.9982) than the value of 0.9067
obtained for the pseudo-first-order model. This means
that, as seen in Fig. 7, the pseudo-second-order kinetic
model was the best fitting model for all the pH values
studied. The obtained experimental data for gqe (mg.

g7 as 12.52, 11.54 and 10.84 were favourably pre-
dicted by the pseudo-second-order model as shown in
Table 1 at pH 1, 1.5 and 2, respectively. Similar results
have been reported by several researchers (Prabhu
et al., 2020; Pant et al., 2022).

The value of R? for the intra-particle diffusion
model given in Table 1 did not confirm that the
kinetic model was actually the rate-determining step.
However, it was evidently clear that intra-particle
diffusion participated in the rate-limiting step. As
seen in Fig. 6, the plot of gt versus t'/? did not pass
through the origin. Thus, the intra-particle diffusion
could not be regarded as the only rate-limiting step
in the biosorption process (Yusuff, 2019). The fit-
ted model showed a multi-stages adsorption process
(Fig. 8). The first step is the dispersion through the
solution to the external surface of the biosorbent or
the boundary layer diffusion of the solute molecules.
The second step corresponds to the intraparticle or
pore diffusion, in which Cr(VI) ions are diffused
from the surface into the biosorbents’ pores. The
third linear stage indicates interaction between tar-
get adsorbate and active sites and the equilibrium
phase (Norouzi et al., 2018; Zheng et al., 2018).

Fig. 7 Pseudo-second- 80
order kinetics for biosorp-
tion of Cr(VI) on MAC
(Cr(VI),=50 mg/L, 70 1
adsorbent mass=0.2 g, 1
V=50 mL, and contact 60 -
time=7 h at 25° C)
50
- 40+
O
=
30
20
10 +
0 T
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Fig. 8 The intraparticle
diffusion kinetic model
for the removal of Cr(VI)
(Cr(VI);=50 mg/L,
adsorbent mass=0.2 g,
V=50 mL, and contact
time="7 h at 25° C)

Z

Table 1 Kinetic model
parameters for the removal
of Cr (VI) (C;=50 mg/L,

adsorbent mass=0.2 g,
V=50 mL, and contact
time="7 h at 25 °C)

10 15 20 25 30
£ (min"*)
Kinetic model Parameters Initial pH
1 1.5 2

Pseudo first order k, (min~h 6.129E-3 4.145E-3 4.606E-4

qe cal (mg/g) 8.224 9.084 6.074

R? 0.9862 0.9625 0.8559
Pseudo second order k, (g/mg/min) 0.00135 9.875E-4 9.779E-3

g, cal (mg/g) 13.369 11.547 6.024

R? 0.9996 0.973 0.9916
Intra-particle diffusion K, (mg/g min'?) 0.464 0.416 0.063

C 3.013 1.440 4.482

R? 0.9438 0.9852 0.7714

3.5 Adsorption Equilibrium Modeling

Adsorption isotherms are used to gain an understand-
ing of how the adsorbate molecules are partitioned
between the aqueous phase and the solid phase under
conditions of equilibrium (Martins et al., 2015). In
order to test the applicability of Langmuir and Fre-
undlich, the initial concentration of Cr(VI) was used
in the range of 20 to 400 mg/L. Plots of 1/qe vs. 1/Ce
(Langmuir plot) and In ge vs. In Ce (Freundlich plot)
[figures not shown] were drawn according to Egs. 10
and 13 at three different initial pHs of 1, 1.5 and 2.
The obtained Langmuir and Freundlich adsorption

constants and regression correlation coefficients were
given in Table 1.

The experimental data, Langmuir, and Freundlich
isotherms were plotted as g, versus C, using non-
linear Eqgs. (2), (9) and (12) respectively. A compari-
son of the experimental data with the Langmuir and
Freundlich isotherms was shown in Fig. 9. The lin-
ear correlation coefficient (R?) was used to assess the
applicability of the isotherms. Based on the R? values,
the Freundlich isotherm best fitted the Cr(VI) adsorp-
tion equilibrium data with 0.9482, 0.9227 and 0.9551
at pH 1, 1.5 and 2 respectively. This indicated that
the adsorption of Cr(VI) by the MAC adsorbent was

@ Springer
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Fig. 9 Adsorption isotherm
of Cr (VI) onto MAC and 70 Langmuir
non-linear adjustments — . — . Freundlich
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apparently carried out with multi-layered and hetero-
geneous adsorption sites. A similar observation was
reported for the adsorption of Cr(VI) from an aque-
ous solution by other natural biosorbents in the litera-
ture (Ume et al., 2022; Yusuff, 2019). The magnitude
of the Freundlich exponent (n=2.699) indicated that
adsorption of Cr(VI) on MAC was favorable (Saleh
et al., 2017).

An essential factor of the Langmuir isotherm is
the separation factor (RL), which can be used to
verify whether the adsorption process is favourable
(0O<RL<1), linear (RL=1) or unfavourable (RL > 1)
(Martins et al., 2015). For the range of applied con-
centration (20400 mg/L), the RL values decreased
from 0.580 to 0.0646 at pH 1 and from 0.6993 to
0.1042 at pH 1.5 and from 0.9995 to 0.9058 at pH
2. The obtained Langmuir and Freundlich adsorption
constants and regression correlation coefficients were
given in (Table 2).

3.6 Thermodynamic Studies

The thermodynamic parameters were determined
in order to elucidate the inherent energy changes
involved in the biosorption process and to ascertain
the mechanism of biosorption. The effect of tempera-
ture on the uptake of Cr(VI) on MAC was investigated

@ Springer

Table 2 Isotherm model parameters for the removal of Cr(VI)
(C;=50 mg/L, adsorbent mass=0.2 g, V=50 mL, and contact
time=7 h at 25° C)

Isotherm models Parameters Initial pH
1 1.5 2
Langmuir Qpax (Mg/g) 63.33 5052 62.11
K; (L/mg) 0.0362 0.0215 0.0073
R? 0.8485 0.8313 0.7503
Freundich Kk ((mg/g)(L/ 7.26 5.055 0.415
mg)("™)
n 2,699 2772 2932
R? 0.9482 0.9227 0.9551

at 298, 308 and 318 K. The thermodynamic param-
eters Gibbs free energy (AG®), enthalpy (AH®,) and
entropy (AS®), which explain the spontaneity and the
exothermic or endothermic nature of the biosorption
process (Bermudez et al., 2012). The thermodynamic
parameters were calculated using Egs. 11, 12 and 13
as shown in Table 3. At all temperatures, the negative
values of AG® indicate that the adsorption process is
spontaneous. The negative AH® denotes an exother-
mic biosorption process, which makes the biosorp-
tion process studied physical in nature (physisorp-
tion). An increase in temperature leads to a decrease
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Table 3 Thermodynamic parameters for the adsorption of
Cr(VI) onto MAC

AG® in kj.mol™! AH® in AS° in R?
kj.mol™! j.mol LK

Temperature in K

298 308 318

-28.632 -28.744 -28.802 -26.095 0.0085 0.99

in adsorption (Gupta et al., 2010). A positive AS°
means that the randomness in the solid/solution inter-
face is increasing during the fixation of Cr (VI) on the
active sites of the adsorbent.

4 Conclusion

The purpose of the present work was to investigate
the efficiency of chemically modified terrestrial moss
as a biosorbent for the removal of Cr(VI) ions from
aqueous solutions. In order to determine the opti-
mum conditions for the uptake of Cr(VI) on the MAC
surface, the important biosorption process param-
eters such as initial pH, contact time, initial Cr(VI)
concentration and biosorbent dosage were exam-
ined. The highest removal efficiencies of Cr(VI) by
MAC were obtained under strong acidic conditions
as 97.8% and 91.4% with an adsorption capacity of
12.22 and 11.42 mg/g at pH 1 and 1.5, respectively,
for C;=50 mg.L_l at 15 h. Cr(VI) readily adsorbed
on MAC surface at pH 1 and 1.5, resulting in higher
adsorption rates. The biosorption of Cr(VI) is sig-
nificantly pH dependent, and the best results can be
obtained at pH < 2. It can be concluded that the main
biosorption mechanism during the adsorption process
at pH<3 was the electrostatic attraction (known as
outer-sphere complexation) between Cr(VI) anions
and the positively charged surface of the biosorb-
ent. FTIR spectroscopic data show that MAC is rich
in heterogeneous functional groups, mainly acidic
carboxyl, hydroxyl and amine groups, which interact
with Cr(VI). The adsorption kinetic studies indicate
that the biosorption of Cr(VI) on MAC is a pseudo-
second-order kinetic model chemisorption and the
intraparticle pore diffusion mechanism is involved in
adsorbing Cr(VI) on MAC. The removal of Cr(VI)
obeys the Freundlich model, which describes the

surface of the MAC as being heterogeneous and hav-
ing multilayer adsorptive properties. The MAC could
be considered as a potential adsorbent for the removal
of Cr(VI) from aqueous solutions for further research
in the future.
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