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• Low-cost (Barbula lambarenensis) adsorbent was utilized for water treatment.
• Aqueous Hg(II) ions were removed via biosorption studies.
• This biosorbent is better than most biosorbents in literature.
• Increase in aqueous temperature reduced Hg(II) adsorption: 303 ≥ 293 > 313 K.

a r t i c l e i n f o

Article history:
Received 16 September 2017
Received in revised form 3 January 2018
Accepted 8 January 2018
Available online 16 January 2018

Keywords:
Mercury
Biosorption
Barbula lambarenensis
Kinetic
Isotherms

a b s t r a c t

Water pollution and the attendant difficulty in developing viable local treatment tech-
niques are major challenges in most countries. To address this, recent studies have focused
on utilization of available low-cost adsorbents. However, a major limitation is their low
adsorption capacities. Hence, we evaluated the effectiveness of naturally ubiquitous Bar-
bula lambarenensis (RBL) for removal of aqueous Hg(II) ions via batch biosorption process.
Biosorption was carried out at different temperatures (293–313 K), time (5–180 min),
pH (3–7) and concentrations (20–60 mg/L), and data generated were explained using
various kinetic and adsorption isotherm models. Results showed that equilibrium was
attained in 120 min at 313 K and lower temperatures but faster at higher temperatures.
However increase in temperature does not correspondingly lead to higher biosorption:
303 ≥ 293 > 313 K. Optimum pH of adsorption was observed at 5.5. Modeling of the
experimental data suggested that the biosorption processwasmajorly amonolayer surface
phenomenon which occurred via sharing or exchange of valance electrons, and the RBL
maximum adsorption capacity is 4.5 mg/g. The process was exothermic and spontaneous.
Hydroxyl, carboxyl, thioesters and amide functional groupswere implicated in the biosorp-
tion process. Overall, the study suggest that RBL may be useful for Hg(II) biosorption from
aqueous solutions.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, contamination of ground and surface waters has elicited a great deal of public health concern because of
the importance of water in global development issues such as food security and global burden of disease (Okoli et al., 2014,
2016; Olu-Owolabi et al., 2017, 2014). Toxic metals such as Pb, Hg, Cr and Cd are of high priority because they are among the
most ubiquitous environmental contaminants. These toxic metals are non-biodegradable, accumulate easily in biota, and
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cause myriads of health disorders in human (Daraei et al., 2014; Mohammad et al., 2010). For instance, the adverse impact
ofmercury (Hg) on biota is particularly intriguing because even at trace concentration, it could result in dysfunctional organs
such as in the reproductive, cardiovascular and nervous systems (Diagboya et al., 2015). The occurrences of these metals in
wastewaters from various anthropogenic activities have contributed to their ambient natural quantities in the environment.
Since these metals ultimately find their way into water sources, there is need to cleanup wastewater so as to reduce the
quantities of these metals that get into the environment.

At a minute concentration of approximately 6 ppb (0.006 mg/L), Hg is considered one of the most toxic metals (Diagboya
et al., 2015). It occurs in the environment mainly as methyl mercury, a compound that is readily absorbed (>95%) by biota
leading to its accumulation in the food chain (Hong et al. 2012; Shin and Han, 2012). Mercury or methyl mercury is not
known to be useful to plants or animals (Hong et al., 2012). Adverse effects of Hg on biota are well documented; a well
known case is the Hg poisoning in Minamata, Japan in 1956 (Diagboya et al., 2015; Hong et al., 2012; Shin and Han, 2012).
Considering the recent reported increasing cases of Hg in the environment (Sunderland and Selin, 2013) and humans (Shin
and Han, 2012) due to the recent industrial boom especially in the Asian subcontinent (Diagboya et al., 2015) and heavy
mining areas of Africa, it is vital to reduce to the lowest possible concentration Hg in water.

Several techniques have been studied for the removal of contaminants fromaqueous solutions, and these includephysical,
chemical, and combinations of both physical and chemical techniques. However, most of the techniques are plagued by
techno-economic factors such as cost, inaccessibility and complex technologies (Olu-Owolabi et al., 2016a). The quest for
new and locally available technologies has led to focus on biosorbents which are easy-to-handle, environmental-friendly
and economically feasible (Okoli et al., 2015). Different kinds of plant biomasses have been investigated (Ibrahim et al.,
2010; Kurniawan et al., 2006; Okoli et al., 2016; Olu-Owolabi et al., 2018; Pehlivan et al., 2009b; Saeed et al., 2009), but
lower plants are ubiquitous and showing potential for removal of these toxic metals from water (Yang and Chen, 2008).
Barbula Lambarenensis (RBL) is a common lower plant in sub-Saharan Africa, and it has been recognized, along with other
lower plants, in the natural environment as bio-accumulators and bio-indicators of toxic metals pollution (Ogunfowokan
et al., 2004). Despite this fact, RBL has been given little attention for water treatment purposes. Hence the objective of this
study was to investigate the dynamics of solid phase extraction by using Barbula lambarenensis (RBL) for removal of Hg from
aqueous solution.

2. Materials and methods

2.1. Biosorbent preparation and characterization

The sampled biomass of RBLwaswashed severally with deionizedwater to remove dirt. It was then air-dried followed by
oven drying, pulverized using a steel blender, and sieved through a 230mesh size sieve. The sieved particles were stored for
this study. Physical and chemical characterizationswere then carried out on the sieved samples. The surface area samplewas
determined using the method of Sears (1956), while the BET Specific Surface Area (SSA) (as well as Langmuir surface area
(m2/g), average pore size (nm), and Pore volume (cm3/g)) was determined usingMicromeritics ASAP 2020M + C accelerated
surface area and porosimetry analyzer (Micromeritics Instrument Corporation, USA). The bulk density and specific gravity
were determined following the method described by Olu-Owolabi et al. (2012) and Okoli et al. (2016). The bulk density was
obtained from the specific dry mass of the biomass to that of an equivalent volume of the same mass, while the specific
gravity was obtained from the ratio of the same mass to an equivalent mass of water. The point of zero charge (pHPZC) was
determined using the solid additionmethod (Olu-Owolabi et al., 2018); by adding 0.1 g of the biomass into various 20mL0.01
M KNO3 solutions with pH adjusted from 3 to 11, followed by 24 h equilibration. A graph of initial pH versus the difference
between the initial and final pH (∆ pH) was plotted and the pHpzc was determined as intercept on the horizontal axis. The
Fourier Transform Infrared (FTIR) spectra was obtained in KBr tablets on a Perkin Elmer Spectrum 1 FTIR spectrophotometer
in the scanning frequency range of 4500–500 cm−1. Scanning electron microscope (SEM) images were obtained using a
Hitachi S-4800 microscope (Hitachi Ltd., Japan) equipped with a Horiba energy dispersive X-ray spectrometer.

2.2. Biosorption experiments

The batch equilibriumadsorption procedure (Diagboya et al., 2016; Okoli et al., 2016)was used to carry out the adsorption
Hg(II) on RBL biomass. The experiment for effect of pH on Hg(II) adsorption was done from pH 3 to 7, while the effects of
time (5–180 min and 50 mg/L Hg(II)) and concentration (20–60 mg/L Hg(II)) were carried out at three temperatures (293,
303 and 313 K) at solution pH of 5.5 ± 0.2 using 100 mg of RBL biomass in each 10 mL vials. Except where otherwise stated,
equilibrium time of 120 min was used for the experiments. During the adsorption experiment, the RBL/Hg(II) mixtures
were incubated by shaking in a temperature controlled shaker at either of the above stated temperatures. The vials were
withdrawn from the shaker at the appropriate time interval, followed by separation of the adsorbents from solution by
centrifugation at 4000 rpm for 20min. All experimentswere carried out in duplicate.Mercury concentrations of the solutions
were determined using Varian 710-ES ICP optical emission spectrometer.

The quantity of Hg(II) adsorbed in each case was calculated using Eq. (1).

qe =
(Co − Ce)v

m
(1)
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where qe, Co, and Ce are the amount of Hg(II) adsorbed (mg/g), the initial and final Hg(II) concentrations in the solution (mg/L),
respectively; and v (L) andm (g) are the volume of solution andmass of RBL biomass used for each experiment, respectively.

The experimental data were described using four kinetics models [Lagergren, 1898 Pseudo-First Order (PFO) (Eq. (2))
and Pseudo-Second Order (PSO) (Eq. (3)), the Elovich (Eq. (4)) and theWeber and Morris, 1963 Intra-Particle Diffusion (IPD)
(Eq. (5)) kinetics models].

log(qe − qt ) = log qe −
k1

2.303
t (2)

t
qt

=
1

k2q2e
+

t
qe

(3)

qt =
1
β

In (αβ) +
1
β

In (t) (4)

qt = ki(t1/2) + C (5)

where qe and qt are Hg(II) adsorbed (mg/g) at equilibrium and at time t , respectively; and k1 (/min) and k2(g/mg/min) are
the rate constants of the PFO and PSO, respectively. The qe and rate constants were calculated from the slope and intercept
of the plots of log (qe − qt ) vs. t; and t

qt
vs. t for PFO and PSO, respectively, α is the initial adsorption rate (mg/g/min) and β is

the desorption constant (g mg−1) during any one experiment, and C (µg g−1) values indicate the thickness of the boundary
layer of Hg(II) ion adsorbed, and ki (mg/g/min1/2) is intra-particle diffusion rate constant of the control stage.

The Langmuir (1916) (Eq. (6)) and Freundlich (1906) (Eq. (7)) adsorption isotherm models were employed in describing
the adsorption process.

Ce/qe = 1/(Qob) + Ce/Qo (6)

log qe = log Kf + 1/(n) log Ce (7)

where Qo (mg/g) is the maximum adsorption capacity per unit weight of adsorbent, b is a solute–surface interaction energy-
related parameter, qe and Ce are same as above, kf and 1/n are the Freundlichmodel capacity factor and the isotherm linearity
parameter, respectively.

The thermodynamic parameters; enthalpy (∆H◦), entropy (∆S◦), Gibbs free energy (∆G◦) and equilibrium constant (Kc),
were determined using the equilibrium biosorption data at 293, 303, and 313 K. The values of the Kc were first determined
using Eq. (8) for all data points.

Kc =
qe
Ce

. (8)

The Kc values of each point were plotted against qe values to obtain the values of Kc for each temperature. The Ln Kc values
were then plotted against the reciprocal of the temperatures to obtain the parameters in Eq. (8).

ln Kc = −∆H◦/RT − ∆S◦/R. (9)

The ∆G◦ values were determined from Eq. (10).

∆G◦
= −RT ln Kc . (10)

3. Results and discussion

3.1. Physical and chemical parameters

Biosorbent particle sizes are usually heterogeneous in nature, thus for an effective evaluation of the adsorption capacity of
any biosorbent it is vital to determine important physical and chemical parameters. In this vein, the characterization results
are as shown in Figs. 1(a) and 2, and Table 1. The specific surface area of RBL has been determined as 11.4 g/cm3, while the
bulk density and specific gravity for the biomass were 0.4 g/cm and 0.2, respectively (Okoli et al., 2016; Olu-Owolabi et al.,
2012). The study shows that the pHpzc value which marks the pH where the surface functional groups do not contribute to
the pH of the solution (Sposito, 1989) was relatively higher compared to those recorded in literature for most biosorbents
(Igberase et al., 2017b; Leyva-Ramos et al., 2005; Meena et al., 2007); suggesting that surplus basic functional groupsmay be
available on the surface of the RBL biomass. The values for bulk density, specific gravity, as well as the surface characteristics
as revealed in Table 1, shows that the RBL biomass is of reasonable potential for water treatment.

Earlier studies (Okoli et al., 2016; Olu-Owolabi et al., 2012) showed that RBL may be used successfully for the removal of
heavymetals fromaqueous solution. Thus an effortwasmade to identify the possible functional groups of RBL responsible for
the metal removal from aqueous solution using the FTIR spectra of the biomass (Fig. 1). Fig. 1 shows a number of absorption
peaks of RBL. The broad band at 3404 cm−1 is indicative of a stretching vibration of free hydroxyl functional groups of
different origins, and possibly N–H stretch of amides. The numerous free hydroxyl groups in the polysaccharide structure
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Fig. 1. (a) FTIR spectra of RBL (b) FTIR spectra of RBL before and after Hg2+ biosorption.

a b

Fig. 2. RBL SEM surface morphology images [(a) 5.00 µm (b) 2.00 µm] before biosorption.

Table 1
Physico-chemical parameters of RBL.

Parameter Value

BET Specific Surface Area (SSA) (m2/g) 16.1
Surface area (g/cm3) 11.4
Langmuir surface area (m2/g) 48.5
Pore size (nm) 4.6
Pore volume (cm3/g) 0.02
Bulk density (g/cm3) 0.4
Specific gravity (m2/g) 0.2
Point of zero charge (PZC) 7.0

of the RBL biomass cell wall may also explain the presence of this band. The absorption bands at 2919 and 2350 cm−1 are
indicative of C–H in alkanes and the cumulative double bonds stretch of O=C=O, respectively. The band associated with
free or esterified carboxyl groups (C=O stretch of carbonyl double bond) was observed at around 1700 cm−1. Other peaks
were observed at 1635 cm−1 (amide-I band of protein secondary structures) (Igberase et al., 2017a), 1425 cm−1 (aromatic
methyl group/methyl ketone and carboxylate vibrations or likely C–H deformations of alkanes), 1041 cm−1 (C–OH bond and
–C–C– stretchings of polysaccharides), below 1000 cm−1 (groups such as aromatic C–H bending vibrations, thioesters, and
majorly plane deformations). Thus, the major functional groups implicated in RBL adsorption of metals are carboxylic acids,
amides, thioesters and amide groups of protein. Similar observations have been reported by Chakravarty et al. (2010), Okoli
et al. (2016), Yao et al. (2010), and Pehlivan et al. (2009a).

3.2. Comparison of adsorbent before and after biosorption studies

The infra-red spectra of the Hg(II)-loaded and unloaded RBL were compared (Fig. 1(b)). It was observed that the Hg(II)-
loaded RBL spectra shows shifts as well as increase in intensity of spectra peaks (especially for OH− and COO− groups). It
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a b

Fig. 3. RBL SEM surface morphology images [(a) 5.00 µm (b) 1.00 µm] after biosorption.

was observed that the amide-I band at 1635 cm−1 shifted to 1639 cm−1, while the hydroxyl vibration at 1425 cm−1 shifted
to 1436 cm−1. The peaks at 3404, 1041 and 670 cm−1 shifted to 3448, 1111 and 621 cm−1, respectively. These peaks were
attributed to the biosorption of Hg(II) on the associated functional groups, and may be linked to the counter ions changes
associated with these functional groups anions after the adsorption of Hg(II); and hence, indicate of the roles played by
these RBL surface functional groups in the biosorption process. RBL SEM surface morphology images in Fig. 3 shows that the
surfaces were covered with the adsorbed Hg(II) ions after biosorption as compared with Fig. 2 having rough surfaces which
were involved in the biosorption process.

3.3. Mercury biosorption studies: effects of time and pH

In order to understand the efficiency of RBL for the adsorption of Hg(II) and the kinetics of the process under a set of
prescribed conditions, the rate study is important. Hence, the batch equilibrium procedure was used to study the RBL Hg(II)
adsorption rate and kinetics at pH 5.5 ± 0.2 and three temperatures – 293, 303, and 313 K – using Hg(II) concentration of 50
mg/L and RBL mass of 50 mg in the time range of 5–180 min. Fig. 4(a) shows trend curves of the effect of adsorption times
on the biosorption of Hg(II) at all three temperatures. The steeper portions of the curve (circled) represents adsorption prior
to equilibriumwhere the rate of adsorption is assumed to exceed desorption. At equilibrium (uncircled portion), the rates of
adsorption and desorption are insignificantly different and the curve is virtually horizontal. The Figure shows that the Hg(II)
adsorption rate within 30min of the beginning of the adsorption experiment was relatively fast (compared to the remaining
time) with over 75% of the adsorption occurring here. Hg(II) adsorption equilibriumwas attained in 120 min at 293 and 303
K, while the equilibrium time decreased to 60 min at 313 K.

The pH of optimal Hg(II) biosorption is an another important parameter to be ascertained in order to determine the
efficiency of RBL as an adsorbent for Hg(II). This is due to the fact that pH affects ionizable functional groups on a biosorbent
surface and determines the charge on the aqueous pollutant (Okoli et al., 2016; Olu-Owolabi et al., 2016b). Thus the effect
of pH on the biosorption of Hg(II) from solution has been carried out by equilibrating the RBL for 120 min in the solution pH
range of 3–7. Result (Fig. 4(b)) showed that the biosorption process was pH dependent; amount of Hg(II) adsorbed increased
with pH until optimum pH. This observation may be explained in the following manner. At the acidic pH region; less than
5, the amount of ionized functional groups on the surface of the RBL biomass was low, resulting in the reduced adsorption
recorded. The reduced adsorption was due to effective competition between Hg(II) ions and protons in solution for the same
negatively charged surface functional groups. Increase in the solution pH led to decrease of the protons in solution, and
consequently less effective competition and higher number of negatively charged surface functional groups. This resulted
in the higher biosorption observed. The increase in biosorption was observed until the pH 5.5 where no further increase in
biosorption was observed. Subsequent experiments were carried out at pH 5.5.

It was observed from Fig. 4(a) that increase in Hg(II) solution temperature from 293 to 313 K did not lead to a
corresponding increase in Hg(II) adsorption; in fact only a slight increase was noticed upon temperature increase from 293
to 303 K, however further increase reduced the Hg(II) biosorption by about 2%. The biosorption trend was 303 K ≥293 K
>313 K. This trend shows that Hg(II) adsorption may be inversely proportional to the temperature. Diagboya et al. (2015),
Olson et al. (2000) and Vidic and Siler (2001) have reported similar trend for Hg(II) adsorption. This trendmay imply that the
process of adsorption of Hg(II) on the RBL biomass material is exothermic and occurs by physisorption. The trend might be
attributed to the fact that the metal, Hg, is liquid and volatile at room temperature, and increasing the ambient temperature
increases the kinetic energy of the molecules in solution leading to the subsequent movement of the Hg(II) ions away from
the adsorption surfaces, and hence the reduction in adsorption as temperature increased (Diagboya et al., 2015).
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Fig. 4. (a) Effect of adsorption time on the biosorption of Hg(II) at all three temperatures; (b) effect of pH on Hg(II) biosorption; (c) intra-particle diffusion,
and (d) Elovich kinetics model plots for Hg(II) biosorption at the three temperatures.

Table 2
Kinetics model parameters for Hg(II) biosorption on RBL.

PFO PSO IPD Elovich Eqe (mg/g)

qe (mg/g) k1 (/min) r2 qe (mg/g) k2 (g/g/min) r2 kt C (mg/g) r2 β r2

293 K 0.11 0.007 0.54 3.11 1.10 0.99 0.013 2.96 0.57 20.4 0.79 3.10
303 K 0.09 0.007 0.93 3.13 0.87 0.99 0.006 3.03 0.92 47.6 0.94 3.11
313 K 0.15 0.002 0.76 3.05 1.25 0.99 0.006 2.97 0.84 45.5 0.97 3.04

* Eqe — Experimental qe values.

3.4. Kinetics modeling studies

Adsorption data was described using the PFO and PSO kinetics models as well as the Elovich and IPD models. Calculated
parameters for these models obtained by using the Hg(II) adsorption data at 293, 303, and 313 K are shown in Table 2, and
these were used to predict the adsorption mechanism(s) involved in the RBL Hg(II) uptake. Comparison of the model RBL
adsorption capacity (qe) values (as well as the correlation coefficient −r2 values) of the PFO and PSO models suggested that
Hg(II) adsorption fit the PSO better (with r2values closer to unity, ≥0.999) for all three temperatures; the experimental qe
values were also better correlated with the calculated model qe values. This might be an indication that the adsorption of
Hg(II) on the RBL adsorbent involved sharing or exchange of electrons between surface functional groups (such as hydroxyl,
carboxyl, thioesters and amide groups) of the adsorbent and the cationic Hg(II) species in solution (Diagboya et al., 2014).

The IPD kineticsmodel parameters and plot are shown in Table 2 and Fig. 4(c), respectively. The plot of qt versus t1/2shows
an initial linear but steep and rapid portion depicting over 85% of the curve, and a later horizontal portion for the remaining
(≤15%). The earlier portion suggests that intra-particle diffusion was the main adsorption mechanism in the first 100 min.
The later portions of the plots suggested slow adsorption which was mainly controlled by equilibrium diffusion mechanism
where the adsorption and desorption rates do not vary significantly. The C (mg/g) value of the IPD model suggests the
thickness of the adsorbed Hg(II) at the surface of the RBL (Diagboya et al., 2014); and the values in Table 2 shows that
over 95% of the adsorption occurred at the surface of the RBL. This conclusion may be drawn because C values significantly
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Table 3
Comparison of Hg(II) adsorption on RBL with other adsorbents in literature.

Adsorbent qe (mg/g) Reference

RBL 3.10 Present study
Allium sativum 0.65 Eom et al. (2011)
BPL-Ca 0.37 Vidic and Siler (2001)
BPL-Tb 1.25 Vidic and Siler (2001)
BPL-Ac 0.30 Vidic and Siler (2001)
Graphene oxide 2.9 Diagboya et al. (2015)
Nauclea diderrichii 4.39 Omorogie et al. (2012)
Sago waste activated carbon 55.6 Kadirvelu et al. (2004)
GOMNP 16.6 Diagboya et al. (2015)
RGO–MnO2 9.0 Sreeprasad et al. (2011)

a Commercially activated carbon impregnated with Cu—BPL-C.
b BPL-T—BPL impregnated with 2-aminoethanethiol.
c BPL-A—BPL impregnated with β-aminoanthraquinone.

Table 4
Hg(II) Adsorption isotherm models parameters.

Adsorption isotherm model Parameter 293 K 303 K 313 K

Langmuir
Qo (mg g−1)* 4.72 4.63 4.74
β 1.01 3.38 0.70
r2 0.996 0.997 0.979

Freundlich
1/n 0.252 0.183 0.316
kf 2.74 3.18 2.10
r2 0.660 0.484 0.561

* Experimental qe value is 4.50 ± 0.10 mg/g.

correlated to the experimental qe values. This implied that the Hg(II) removal process was mainly a surface phenomenon
(adsorption). The C and high r2 values of the IPDmodel also implied that the overall rate of the Hg(II) adsorption on RBL was
dominated by surface intra-particle diffusion at the various temperatures.

The r2 values of the Elovich kinetics model shows that the adsorption data may be explained by the model especially
at higher temperatures (Table 2). This model which originated from chemical reaction kinetics suggested that there was
some degree of boundary layer control between the Hg(II) ions and the RBL surface active adsorption sites since the curves
(Fig. 4(d)) is not a straight line passing through the origin Tofighy and Mohammadi (2011). This control is assumed to be
related to the rate determining mechanism and involved sharing of valence electron between the Hg(II) and RBL surface
active adsorption sites.

In order to evaluate the effectiveness of the RBL adsorbent for aqueous Hg(II) removal, Hg(II) adsorption on the RBL was
compared to some other adsorbents reported in literature at room temperature (Table 3). It was observed that though the
pristine adsorbentsmay be sufficient to treatmercury pollution at the low concentration generally encountered inwater, for
higher concentration (as observed in some industries waste water), modification of the adsorbent may be more beneficial.

3.5. Equilibrium studies

Equilibrium biosorption studies for the process were carried out at three temperatures (293, 303, and 313 K) and results
are represented in Fig. 5(a). Results showed that the biosorption of Hg(II) increased as concentration at all temperatures until
all available biosorption sites were saturated and further biosorption was not permissible with increase in concentration.
Similar to the results obtained for the effect of time, it was also observed that the biosorption increased as temperature was
raised from 293 to 303 but further increase in temperature resulted in lower Hg(II) biosorption. The Hg(II) biosorption trend
was 303 K ≥293 K >313 K. Similar trend has been reported by other workers (Diagboya et al., 2015; Olson et al., 2000; Vidic
and Siler, 2001) for Hg(II) adsorption.

Equilibrium biosorption data have been fitted to the Langmuir and Freundlich adsorption isotherm models (Table 4;
Fig. 5(c)–(d)). It was observed that the data fitted the Langmuir adsorption isotherm model better than the Freundlich. The
Langmuir had correlation coefficient (r2) values which were very close to unity as well as calculated maximum adsorption
capacity (Qo) values (≈4.6 mg/g) which were close to experimental qe values (≈4.5 mg/g). The good fit of the data to the
Langmuir adsorption isothermmodel indicates that the biosorption process was on adsorption sites which possessed equal
affinity for the Hg(II) ions, and formed only monolayer of the Hg(II) ions on the biosorbent surface at saturation. This was
unlike the Freundlich isothermmodelwhich assumesHg(II) adsorption onheterogeneous surfaceswith possible interactions
between Hg(II) ions on the adsorption surfaces and those in solution.

The observed biosorption trend may imply that the Hg(II) biosorption process on the RBL biomass material was
exothermic; hence, in order to understand the thermodynamics, the equilibrium data obtained at the different temperatures
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Fig. 5. Adsorption isotherm model plots for the adsorption of Hg(II) onto the RBL biomass.

Table 5
Thermodynamic parameters for Hg(II) biosorption.

293 K 303 K 313 K

∆G◦ (kJ/mol) −3.78 −5.03 −1.11
∆H◦ (kJ/mol) −42.07 −42.07 −42.07
∆S◦ (J/mol/K) 127.90 127.90 127.90

(293, 303, and 313K) for the biosorption ofHg(II) have been used to generate the thermodynamic parameters (∆G◦,∆H◦, and
∆S◦) as shown in Table 5. Results indicated that the biosorption process was exothermic (negative ∆H◦), hence, increase in
solution temperature resulted in reduced Hg(II) biosorption. However, the slight increase in Hg(II) biosorption observed
as temperature increased from 293 to 303 K may be attributed to the energy needed to overcome the initial repulsive
forces hindering Hg(II) biosorption. Further temperature increase to 313 K resulted in lowered biosorption, and this was
attributed to increased kinetic energy of Hg(II) ions in solution as temperature increased. Hence, the observed trend for
Hg(II) biosorption is 293 >303 >313 K. The magnitude of the ∆H◦ values suggested that the type of force involved in Hg(II)
ions removal was weak van der Waal-like force, probably electrostatic in nature. The positive ∆S◦ value was indicative of
increased randomness at the solid–liquid boundary as the processes drifted towards equilibrium, while the negative ∆G◦

values showed a spontaneous biosorption processes.

4. Conclusion

The study showed that themoss plant Barbula lambarenensis, an ubiquitous lower plant in sub-Saharan Africa, can be used
for Hg(II) removal from aqueous solution. RBL has Hg(II) adsorption capacity of 4.50 mg/g, while optimum adsorption was
achieved after 120 min and pH 5.5. Higher temperatures reduced Hg(II) adsorption by RBL: 303 ≥293 >313 K. The kinetics
models showed that Hg(II) adsorption was mainly a surface phenomenon and involved sharing or exchange of electrons
between surface functional groups of RBL and the cationic Hg(II) species in solution. The Langmuir adsorption isotherm
model suggested a surface monolayer Hg(II) biosorption. Thermodynamically, the biosorption process was exothermic and
spontaneous. Hence, RBL may be useful for the removal of Hg(II) from aqueous solutions.
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