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ABSTRACT

In this study, the peat samples from two different sites of Brunei Darussalam (Mumong
and Panaga) were investigated. The peats were found to be acidic in nature containing 66—
75% organic matter. Thermogravimetric analysis revealed their thermal stability up to
500°C, while scanning electron microscopy, Fourier transform infrared spectroscopy, and X-
ray fluorescence provided information on the modes of interaction of Cu(ll) ions with peat
through complexation and ion-exchange mechanisms. Further, the extent of removal of Cu
(I) ions from aqueous solution investigated under different experimental conditions
revealed that the optimum values for shaking time and medium pH were 3.0 h and 5.5,
respectively. Equilibrium adsorption data fitted to the Langmuir, Freundlich, Temkin, Dubi-
nin-Radushkevich (D-R), Redlich-Peterson (R-P), and Sips isotherm models indicated that
adsorption of Cu(Il) ions on peat obeyed the Sips model with an average adsorption capac-
ity of 16.5 and 14.6 mg g~' for the Mumong and Panaga peat, respectively. Application of
the pseudo-first-order, pseudo-second-order, Elovich, Boyd, and intraparticle diffusion mod-
els to evaluate the kinetics of the adsorption process led to the validity of the pseudo-sec-
ond-order and intraparticle diffusion models to explain the adsorption of Cu(Il) ions on the
selected peat samples.
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1. Introduction

Peat, a kind of soil containing 50-95% organic sub-
stances, is formed by partial decomposition of vegeta-
tion and animal constituents under wet conditions.
Peatlands are in all continents. Tropical peatlands are
located in South-East Asia, Africa, the Caribbean, Cen-
tral and South America. South-East Asia’s peatlands
cover 69% of the tropical peatland and makes 11% of
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the global peatland area [1]. Studies have proven that
peat, which consists of various functional groups
including lignin phenols [2], is an efficient adsorbent
for removing pollutants from wastewater [3-6]. In this
study, peat samples collected from two different sites
(Mumong and Panaga) of the Belait district in Brunei
Darussalam were investigated for their characteristics
and adsorption properties.

Heavy metal ions, recognized as ecotoxicological
hazardous substances [7], are not biodegradable and
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can accumulate in living tissues. Among many con-
ventional methods that have been used for removing
metal ions and their compounds from industrial efflu-
ents, adsorption techniques are the most widely used
[8]. Abundant natural materials [9,10], agricultural
waste materials [11,12], ion-exchange resins [13-15]
have been used as potential inexpensive adsorbents
for heavy metal removal. Adsorption, although highly
effective, is a complex process consisting of several
mechanisms that differ according to the metal species
in solution and types of adsorbents.

Copper is used extensively in many industries,
such as refineries, paper and pulp, fertilizer, mining,
and plating baths. Its removal by low-cost adsorbents
has been studied widely [16-22]. In the present work,
the usefulness of peat samples collected from two dif-
ferent sites has been investigated for the removal of
copper ions from aqueous solutions. Batch experi-
ments were designed to study the influence of contact
time, pH, and metal concentration on the adsorption
process. Modeling of adsorption processes is impor-
tant for the prediction of metal distribution between
the aqueous solution and the solid surface of the
adsorbent. Its application helps to design adsorption
treatment units as well as to evaluate the fate of heavy
metal ions and their compounds in the natural envi-
ronment. Six isotherm models (Langmuir, Freundlich,
Temkin, Dubinin—-Radushkevich, Redlich-Peterson,
and Sips models) were used in this study to predict
the best-fit model for the adsorption equilibrium data.
Surface morphology was analyzed using scanning
electron microscopy (SEM). The change in elemental
composition of peat during adsorption was deter-
mined using X-ray fluorescence (XRF) spectroscopy.
Fourier transform infrared (FTIR) spectroscopy was
carried out to determine the main functional groups
present in peat that might be involved in metal
uptake.

2. Materials and methods

Copper nitrate, (Cu(INO3),-3H,0O) (Sigma-Aldrich),
was used for the preparation of 1,000 mg L™ stock
solution by dissolving the required amount in double-
distilled water. Other concentrations of Cu(ll) were
obtained by appropriate dilution of the stock solution.
The pH of Cu(Il) solutions was adjusted using concen-
trated NaOH and HNOj; solutions. Flame atomic
absorption spectrometer (Shimadzu AA-6701F) was
used to record absorbance measurements to determine
the concentration of Cu(lIl) in all solutions. Stuart orbi-
tal shaker used for agitation of solutions was set at
250 rpm.
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2.1. Sample collection and preparation

Peat samples were collected from two different
sites of Brunei Darussalam, namely Mumong and
Panaga. The peat samples collected from different sites
were dried in oven at 60°C, followed by sieving to col-
lect particles of diameter 350-850 um. Sieved samples
were used for all experiments.

2.2. Characterization of peat

The bulk density, pH, ash content, total phenolics,
moisture content, and crude fiber of each peat sample
were determined using standard procedure. CHNS
analyses of samples were performed using the Ele-
mentar Vario Micro Cube analyzer. Functional group
characterization of peat before and after treatment
with Cu(ll) was carried out using FTIR spectropho-
tometer (Shimadzu Model IRPrestige-21). XRF PANa-
lyticalAxios™™ was used for elemental analysis and
SEM images of peat samples were obtained using Tes-
can Vega XMU Scanning electron microscope (SEM).
Thermogravimetric analysis (TGA) curves were
recorded using thermogravimetric analyzer (Scino
Instruments Model STA N-650).

2.3. Batch adsorption experiments

Batch experiments were carried out by mixing
0.10 g of adsorbent with 50.0 mL of metal solution of
known concentration for all experiments. Effect of con-
tact time was investigated by agitating mixtures fol-
lowed by filtration at predetermined time intervals.
Effects of initial metal concentration and pH on the
extent of Cu(ll) removal were also investigated. All
experiments were carried out in duplicate, and the
average results were reported. Eq. (1) was used to cal-
culate the amount of metal adsorbed per gram of
adsorbent, g, (mg g™ "):

qe — w (1)

m

where C; is the initial metal concentration (mg L™, C,
is the equilibrium metal concentration (mgL™"), V is
the volume of metal solution used (L), and m is the
mass of adsorbent used (g). The percentage removal
of the Cu(Il) is represented by Eq. (2) as follows:

(Ci — Ce) x 100

C 2

% Removal =
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3. Results and discussion
3.1. Characterization of peat

Bulk density is an indicator of soil compaction; the
higher the bulk density, the lower the soil prosperity
and compaction. In this study, peat from Panaga is
twice as dense as that from Mumong (Table 1). High
bulk density, from 0.10 to 0.32 g cm ™, appears to be a
general feature of most tropical peats under natural
conditions due to the effect of climate, height of water
table, and oxidation. On the basis of results obtained
for bulk density of peat samples, peat collected from
Mumong and Panaga sites can be classified as Hemic
(intermediate in degree of decomposition) and Sapric
(highly decomposed), respectively [23].

Although peat mainly consists of organic matter, it
does contain various inorganic materials resulting
from decomposition and sediment loading in peat-
lands. The ash content of both peat samples falls
within the range of 10-50%, characteristic of decom-
posed peat. High value of ash is an indication of high
amount of mineral soil in peat. The ash or inorganic
content from less than 1 to 65% has been reported for
tropical peat [24]. The peat samples collected from
Brunei are found to be acidic in nature, with point of
zero charge (pH,,.) for Mumong and Panaga being at
pH 4.5 and 2.0, respectively [25]. Similar results have
been reported for peat of the Borneo region [26,27].

C, H, O, N, and S are five basic elements of peat.
Generally, peat has elemental composition which is
between that of wood and coal. Low-decomposed peat
resembles wood, while high-decomposed peat with
that of the lignite. The composition of peat varies
depending on age, nature of original vegetation, cli-
mate, and other environmental factors. The H/C ratio
has been associated with degree of aromaticity. Lower
the ratio, greater will be aromatic compounds in peat.
On the other hand, the C/N ratio indicates microbial
activities. It has been reported that an increase in the
C/N ratios indicates decrease in peat decomposition
and vice versa [28]. Although H/C ratio value is
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similar for both peat samples (Table 2) suggesting
both have similar degree of aromatic components,
Panaga peat has a significantly lower C/N ratio
making it more decomposed peat.

The phenolic contents for both the peat samples are
found to be 0.695 and 0.627 mg GAEg ' for the
Mumong and Panaga peat, respectively, which are very
low compared to that of the peat bog of Hokkaido
Island, Japan, ranging from 1.6 to 19 mg g~ ' [29] and of
peat collected from a pristine site in Brunei Darussalam
with values ranging from 13 to 28mgg ' [30].
Phenolics in peat have a potential inhibitory effect on
microbial and enzyme activates involved in organic
matter decomposition. Thus, low %C as reported in
CHNS above may be a result of high decomposition of
peat due to low presence of phenolics.

3.2. Thermal properties of peat

Three major mass losses identified by TGA curves
are water evaporation, combustion of volatile matter
(pyrolysis process increases and hemicellulose and cel-
lulose decompose into gases such as CO,, CO, CHy
leading to the formation of carbonaceous char), and
combustion of charcoal matter (self-combustion with
the rapid mass loss due to the presence of large
amount of lignin in the peat soil) [31]. The thermogram
obtained for peat samples in Fig. 1 shows the three
major regions as described earlier. The mass loss for
each region for peat samples, given as a percentage in
Table 3, indicates the highest loss in the middle region.

3.3. SEM, FTIR, and XRF analyses

SEM images in Fig. 2 show that the surface of peat
samples is very uneven and heterogeneous in nature
with pores or cavities. Some threadlike structures
observed could be the fibers present in peat samples.

Analysis of FTIR spectra of the Panaga and
Mumong peat, before and after adsorption of Cu(ll),
shown in Fig. 3, reveals a number of major absorption

Table 1

Physical and chemical properties of Mumong and Panaga peat

Characteristic Mumong Panaga

Bulk density (g cm™) 0.09 0.22

Moisture (%) 69.0 48.3

Color Dark grayish Dark grayish to black
pH 4.4 3.1

Ash (%) 33.6 24.8

Organic matter (OM) 66.4 75.2

Crude fiber (%) 4.49 3.71
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Table 2
CHNS analysis for peat samples
Adsorbent  %C %H %N %S  H/C* C/NP
Mumong 1418 180 034 <05 1.51 48.62
Panaga 1337 1.67 193 193 145 8.08
H/C = [(%H/1.008)/(%C/12.01)].
PC/N = [(%C/12.01) /(%N /14.00)].
100 -
90 -
— 80
S
8 701
60 -
50 A
40 r r r r r
0 100 200 300 400 500 600

T(°C)

Fig. 1. Thermogram for peat samples: Mumong (m) and
Panaga peat (#).

Table 3
Percentage mass loss of the peat samples in different
ranges of temperature

Temperature range (°C) Mumong (%) Panaga (%)

15-150 2.73 10.04
150-350 11.37 20.61
350-500 5.69 12.44
Total mass loss 19.79 43.09

bands indicating the characteristic structure of peat
before and after Cu(Il) adsorption. For peat samples, a
strong band at 3,360 cm™' indicates the presence of
-NH or -OH, whereas bands in the 3,000-2,850 cm ™!
region represent C-H groups [32,33]. Peaks at 3,360
and 1,632 cm™! were observed to be shifted to 3,285
and 1,614 cm™' after Cu(Il) adsorption on Mumong
peat; whereas in Panaga peat, intensities of peaks at
2,922, 2,852, and 1,620 cm™ ' decreased by about 14%
on average after Cu(Il) adsorption. Shifts or changes
of these peaks would indicate interactions between Cu
(I) with functional groups on the surface of peat, as a
result of adsorption, forming complexes.
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Elemental analyses by XRF carried out for the
Mumong and Panaga peat indicate the absence of cop-
per before Cu(Il) adsorption (Table 4). XRF spectra of
peat upon treatment with Cu(Il) clearly show that peat
was able to adsorb Cu(ll) ions (Fig. 4), supporting
observations made in FTIR spectra. Decrease in the
intensity of peaks associated with metallic elements
suggests that ion exchange plays an important role in
the removal of Cu(ll) ions from aqueous solution, in
addition to complexation as proposed by FTIR spectral
investigation.

3.4. Optimization of contact time for Cu(Il) removal

The optimum shaking time for the removal of
10mgL™" Cu() solution by peat collected from
Mumong and Panaga sites is found to be 3.0 h for
both types of peat (Fig. 5) with the Mumong peat
showing a higher removal (60%) than Panaga (45%).
Compared to the removal of Cu(ll) by other adsor-
bents carried out under similar experimental condi-
tions, adsorbents such as Artocarpus altilis skin and
core required 3.0 and 3.5 h, respectively [34], while
undisturbed pristine peat [35] and Artocarpus odoratis-
simus core [36] reached equilibrium within a much
shorter time period of 2.0 h.

3.5. Effect of pH

Medium pH is one of the important parameters in
adsorption studies as it influences the extent of
removal of adsorbate by the adsorbent. The effect of
pH was investigated within the range of pH 3-7 to
avoid possible precipitation of Cu(ll) as its hydroxide
at higher pH values [35,36]. Fig. 6 shows the percent-
age removal of Cu(ll) ions by the Mumong and
Panaga peat at different pHs. Low removal of Cu(Il)
at pH 3 is attributed to competition between H;O"
ions with Cu(I) ions for the limited number of active
sites on the adsorbent’s surface [37]. An increase in
the extent of removal upon the increase in solution
pH is partly attributed to an increase in the negative
charges on the adsorbent surface, thereby attracting
the positive metal ions toward the adsorbent. Hence,
the ambient pH of 5.5 was selected for further adsorp-
tion experiments. Similar findings were also reported
for the adsorption of Cu(ll) on breadfruit skin [34]
and pristine peat [36].

3.6. Adsorption kinetics

Adsorption kinetics provides valuable information
on the mechanism and reaction pathways of
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Fig. 3. FTIR spectra of peat for Panaga (A), Mumong (B),
Cu-loaded Panaga (C), and Cu-loaded Mumong (D).

adsorption process. The kinetics plots for the adsorp-
tion of Cu(Il) on Mumong and Panaga peat presented
in Fig. 7 show the amount of Cu(ll) adsorbed at

different time intervals starting from 5 min until
equilibrium is reached with the initial adsorbent con-
centration of 10.0 mg L™". It is clear from the figure
that the adsorption capacity of peat gradually
increases with an increase in the interaction time fol-
lowed by a slow process until the equilibrium is estab-
lished. At equilibrium, the adsorption capacity of Cu
() is found to be 0.045 and 0.034 mmolg ' for
Mumong and Panaga peat, respectively. It has been
reported that adsorption kinetics includes two steps: a
fast sorption at the initial stages of contact time and
then becomes slower near the equilibrium [38]. This
two-step behavior is adsorption characteristics attribu-
ted to the heterogeneity of the surface binding sites
with different binding affinities to metal ions result in
different binding rates in a heterogeneous adsorbent
[39].

Linear plots of five common models: pseudo-first
order [40], pseudo-second order [41], Elovich [42],
Boyd [43], and Weber-Morris intraparticle diffusion
[44] evaluated for kinetics of Cu(ll) adsorption are
given in Fig. 8.

The linear form of the pseudo-first-order equation
proposed by Lagergren is expressed as:

k
g (7~ 00 = 0g 7~ 15551 ®

where g. and g; are the amounts of Cu(Il) adsorbed
(mmol g™) at equilibrium and at time f (min),
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Table 4
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Percentage composition of major elements of peat samples before and after Cu(Il) adsorption

Element Mumong peat Mumong—after adsorption Panaga peat Panaga—after adsorption
Ca 13 0.9 0.6 0.1
Cl 0.2 0.1 1.0 0.1
K 0.9 0.7 1.6 1.5
Mg 0.4 0.3 1.1 0.6
Na 0.2 0.1 0.9 0.4
P 0.3 0.2 0.1 0.1
S 1.4 0.7 6.3 6.3
Si 39.6 36.7 27.1 26.8
Cu - 1.3 - 1.0
5 100
& Mumong treated (-)
:E ] Mumong untreated (-) 8
c ] =
& 604
ﬁ j CuKA 1 | 3 &0
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w Panaga untreated (-) Fig. 6. Effect of pH on Cu(ll) removal by Mumong (=) and
2 — Panaga peat (=): concentration of metal solution:
= 10.0 mg L™; volume: 50.0 mL; peat: 0.10 g.
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Fig. 4. XRF spectra of peat showing copper before and  E o0.03 ] _i 3 *
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g o o ° Fig. 7. Variation of the extent of Cu(Il) removal in relation
. to interaction time: Mumong (@) and Panaga (¢). Concen-
20 tration of metal solution: 10.0 mg L% volume: 50.0 mL;
peat: 0.10 g.
0
° % 100 Tim:_s(‘:nin) 200 20 %% respectively, and k; is the rate constant for adsorption

Fig. 5. Optimum shaking time for Cu(l) removal by
Mumong (@) and Panaga peat (4): concentration of metal
solution: 10.0 mg L™"; volume: 50.0 mL; peat: 0.10 g.

(min~"). The value of k; is calculated from the slope of

linear plot of log(g. — gp) Vvs. t.
The rate law of the pseudo-second-order model
can be defined as:
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Fig. 8. Kinetics models for Cu(Il) removal by Mumong (@) and Panaga (¢): (A) pseudo-first order, (B) pseudo-second
order, (C) intraparticle diffusion, (D) Elovich, and (E) Boyd. Concentration of metal solution: 10.0 mg L% volume:

50.0 mL; peat: 0.10 g.
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4)

where g. (mmol g™') is the amount adsorbed at equi-
librium and k, (g mmol™' min™") is the pseudo-sec-
ond-order rate constant. The initial adsorption rate h
(mmol ¢! min~") at t — 0 is as follows:

h= kzqg (5)
The linear plot of t/g; vs. t gives slope of 1/g. and
intercept of 1/kyq?.

The Elovich kinetics model has been applied to
adsorption in heterogeneous solution/solid systems.
Chien and Clayton [45] simplified the Elovich equation
by assuming that aft >> 1 and applying the boundary
conditions that g=0att=0and g=gq at t =¢, and the
equation can then be expressed as follows:

g = 1 In(af3) —|—l In ¢

5 5 (6)

where ¢ (mmol g”' min™") is the initial sorption rate
and f (gmmol™") is related to the extent of surface
coverage and activation energy for chemisorption.

The parameters obtained for these models are
reported in Table 5. Even though the pseudo-first- and
pseudo-second-order models gave high R*>0.93 for
both peat samples, it is evident from the low y* error
values that the adsorption systems under investigation
followed the pseudo-second-order mechanism. Fur-
ther, simulated plots of g. calculated for both the
pseudo-first-order and pseudo-second-order models
with experimental values of g, in Fig. 9 showed that
the pseudo-second order gave the closer values to the
experimental data further confirming that the adsorp-
tion kinetics of Cu(Ill) on peat follows the pseudo-
second-order model. This is also in agreement to
previous reports on the adsorption of Cu(ll) on peat
[36,46]. The pseudo-second-order model assumes that
chemisorption is the rate-limiting step involving bond-
ing through sharing or exchange of electrons between
adsorbate and adsorbent. The Elovich kinetics model
also gave high R” values >0.98 suggesting chemisorp-
tion of Cu(Il) on peat [47].
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Table 5

Parameters for kinetics models for adsorption of Cu(II)
Kinetics Mumong Panaga
Je,exp (Mmol g™h 0.045 0.034
Pseudo-first order

ki (min™) 0.016 0.0154
Gecale (mmol g™) 0.028 0.021
R* 0.931 0.931
Pa 0.185 0.136
Pseudo-second order

ky (g mmol™! min™) 1.153 1.490
h (mmol g™ min™") 0.003 0.002
G cale (mmol g™) 0.048 0.036
R? 0.966 0.996
Ve 0.001 0.001
Elovich

a (mmol g™' min™) 0.007 0.005
b (g mmol™) 112.36 147.06
R? 0.982 0.989
Boyd

D; (cm?s™) x 107° 3.33 2.85
R? 0.938 0.969

Contribution of diffusion mechanism for the
adsorption of Cu(ll) on peat samples was evaluated
using both the Webber-Morris intaparticle diffusion
and Boyd models. If the adsorbate transport is within
the pores of the adsorbent, then particle diffusion takes
place whereas film diffusion is to the external surface
of the adsorbent. The rate constant (k3) for Weber—
Morris intraparticle diffusion model is given as:

qr = k3i’1/2 +C )

where g, is the amount adsorbed (mmol g”) at time ¢
(min), k3 is the rate constant of the intraparticle
diffusion (g mmol ! min!), and C (mmol g_l) is the
constant that depicts the adsorption mechanism. The
linear plot of g; vs. t'/? is used to calculate the param-
eters of intraparticle diffusion model.

The Boyd’s kinetics can be expressed as follows:

6
F=1- = exp(—B) 8)
and
F=2 ©
e
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Fig. 9. Simulated plots of experimental and calculated g;
values of Mumong (A) and Panaga (B) peat with various
kinetics models; experimental (#), pseudo-first order (=),
pseudo-second order (=), Elovich (=), Boyd ( ), Weber—
Morris intraparticle diffusion (=).

where F is the fraction of solute adsorbed at any time
(t) and B; is mathematical function of F.
Rearranging Eq. (15) gives:

6
1-F= = exp(—By) (10)
and
B; = —0.4977 — In(1 — F) (11

In this study, linear plots of the Weber—Morris intra-
particle diffusion (Fig. 8(C)) and Boyd (Fig. 8(E)) mod-
els gave y-intercepts very close to the origin and high
R? values >0.94 for both the Mumong and Panaga peat
samples, clearly indicating that intraparticle diffusion
could be the rate-determining step involved.

Peat has a porous structure and this type of adsor-
bent often results in intraparticle diffusion being the
rate-limiting step. Fig. 8(C) shows a multi-linear plot
for intraparticle diffusion model, and the parameter
values are given in Table 6. A multi-linear nature of
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Table 6
Parameters for intraparticle diffusion model for the adsorption of Cu(Il)
Cu(Il) C (mmol g™ ks (mmol g™! min~"?) R?
Mumong 1st stage 0.002 0.005 0.978
2nd stage 0.005 0.002 0.969
Panaga 1st stage 0.002 0.004 0.979
2nd stage 0.016 0.001 0.962
the plot is indicative of the involvement of a few pro- c 1 C
cesses. The initial part could be due to rapid boundary =% ¢ (12)

layer diffusion and then the gradual adsorption stage
followed by the equilibrium stage.

Due to large array of chemical species present in
peat which are capable of ion exchange making the
adsorption process complex, the adsorption mecha-
nism consists of several steps. The rate-controlling
step may be diffusion mass transfer or chemical reac-
tion or a combination of two or three of these pro-
cesses. Hence, it is concluded that pseudo-second
order and the intraparticle diffusion are prevailing
mechanisms in the adsorption of Cu(l) ions on
selected peat samples. Similar findings have been
reported on the adsorption of dyes onto peat where
adsorption followed the pseudo-second and Elovich
kinetics models [25,46] and intraparticle diffusion [48]
could be the rate-determining step.

Reports [32,48-50] as well as FTIR from this study
have shown that peat consists of various functional
groups such as alcohols, amines, phenolic compounds,
and carboxylic acids. It has been suggested that
COOH could be responsible for the reaction of diva-
lent metals with humic acid and is one of chelate ring
formation involving adjacent aromatic COOH and
phenolic OH groups. Ion exchange and single Cu(Il)
ion interaction with peat as well as copper fixing by
complexation have also been suggested [46].

3.7. Isotherm studies

In the present study, the six isotherm models used
for explaining the adsorption of metal ions on
Mumong and Panaga peat are: Langmuir [51], Fre-
undlich [52], Temkin [53], Dubinin—-Radushkevich (D-
R) [54], Redlich—Peterson (R-P) [55], and Sips [56]. The
Langmuir isotherm, a frequently used isotherm, is
based on assumption that monolayer sorption occurs
on a homogeneous adsorbent surface of identical sites
that are equally available and energetically equivalent
and that there is no interaction among adsorbate mole-
cules. It is defined mathematically as:

= +
l] e KL qmax qmax

where g. (mmolg™') is the amount of adsorbate
adsorbed at equilibrium per mass of adsorbent, C,
(mg L") is the concentration of adsorbate in aqueous
solution at equilibrium, gu. (mmol g™') is the com-
plete monolayer capacity, and K; (L mmol™") is the
adsorption equilibrium constant related to energy of
adsorption. The monolayer coverage (§max) and K, of
Langmuir isotherm are determined from the slope and
intercept of linear plot of C./ge Vs. Ce. The affinity
between the adsorbate and adsorbent can be predicted
using separation factor or dimensionless equilibrium
parameter, Ry, which is defined as:

1

R=—
PO+ KG)

(13)

where K|, is the Langmuir constant and C, is the ini-
tial concentration of metal ions. Ry provides important
information on the nature of adsorption, which is
stronger for lower Ry values [57]. The value of R_.
indicates the type of Langmuir isotherm to be irre-
versible (R = 0), favorable (0 < Ry < 1), linear (R, = 1),
or unfavorable (Ry, > 1). The Ry, is found in the range
of 0-1 for concentrations of 5-100 mg L™ Cu(Il) which
indicates the favorable adsorption (Table 7).

The Freundlich isotherm is based on adsorption on
a heterogeneous surface with a non-uniform distribu-
tion of heat of adsorption over the surface, whose lin-
ear form is as follows:

1
log g. = log Kg +E log C, (14)

where Kp (mmol g') and 1/n are the Freundlich iso-
therm constants. Kg and 1/#n are related to adsorption
capacity and adsorption intensity, respectively. This
model provides no information on the maximum
adsorption capacity (§max) in contrast to Langmuir
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Table 7
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Separation factor (Ry) for adsorption of Cu(Il) on Mumong and Panaga peat

Initial concentration

Metal ions Co=5mgL™ Co=50mg L™ Co,=100mg L™
Mumong 0.6 0.1 0.1
Panaga 0.8 0.3 0.2

model [58]. If n=1, the adsorption is linear with
adsorption sites homogeneous in energy and no inter-
action among adsorbed species similar to Langmuir’s
assumption. If n < 1, adsorption is a chemical process,
while n >1 indicates a physical process [59]. In this
study, n values are greater than unity indicating
physisorption [60].

The Temkin isotherm equation assumes that there
is a linear decrease rather than logarithmic in the heat
of adsorption with coverage as adsorption process
progresses. The Temkin isotherm is given as:

RT
and B=-—

ge=BInKr+BInC,
br

(15)

where Ky (L mmol ™) is the equilibrium binding con-
stant corresponding to the maximum binding energy,
B is related to the heat of adsorption, and by is the
variation of adsorption energy (k] mol™").

The Dubinin—Radushkevich (D-R) isotherm helps
to deduce the characteristic porosity of the adsorbent
and the energy of adsorption. It assumes that there is
a surface area where the adsorption energy is homoge-
neous. This approach is usually applied to distinguish
the physical and chemical adsorption. The linear form
of the D-R isotherm is given in Eq. (16) as:

In g = In gmax — Bp €2 and €= RT In (1 + Cl) (16)

€

The energy of adsorption (E) is calculated using
Eq. (17) as shown below:

1
E— 17
T 17)

The constant gmax (mmol g_l) is the saturation
capacity, € is Polanyi potential and Bp (mol*J™) is a
constant related to the mean free energy of adsorption
per mole of the adsorbate, and E (k] mol™) is the
mean free energy of adsorption per molecule of the
adsorbate when transferred to the surface of the solid

from infinity in solution. If the value of E lies between
8 and 16kJmol™!, the adsorption process is a
chemisorption, while if E <8XkJ mol™!, it indicates a
physical adsorption process [61]. The plot of Inge
against [RT In(1 + 1/C.)]* gives the constants gma, and
Bp from the intercept and slope, respectively. In this
study, E was found to be 1.26 and 0.39 k] mol™" for
Mumong and Panaga peat, respectively, suggesting
that Cu(ll) adsorption on peat is likely to be
physisorption.

The Sips model is a three-parameter model, con-
sidered as a combination of the Langmuir and Fre-
undlich equations, deduced for predicting the
heterogeneous adsorption systems. At lower solute
concentration, it follows the Freundlich isotherm and
thus does not obey Henry’s law, while at higher solute
concentration, it turns to the Langmuir. The linear
form of the Sips isotherm is given in Eq. (18) as:

In (‘77) “ e o K (18)
qmax - [’76 n

where Ks (L mmol™") is the equilibrium constant and
n is the Sips model exponent regarded as the hetero-
geneity factor with values greater than 1 indicating a
heterogeneous system and values close to or equal to
1 indicate material with relatively homogenous bind-
ing sites [38]. If n =1, the Sips model follows the
Langmuir, and if either C. or Kg approaches 0, it
reduces to the Freundlich isotherm. The parameters of
the Sips isotherm can be calculated by plotting In [g./
(Imax — go)] against In Ce.

Another three-parameter isotherm model used in
this study is the Redlich-Peterson (R-P) model. The
R-P isotherm, expressed as Eq. (19), is versatile and
can be applied to both homogenous and heteroge-
neous systems. Its linearized form is as shown in Eq.
(20).

krCe

_ _"Ree 1
14 arC? (19)

e
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Table 8
Isotherm parameters obtained through different adsorption models for the adsorption of Cu(Il) on Mumong and Panaga
peat

Value
Model Parameter Mumong peat Panaga peat
Langmuir Jmax (mmol g™") 0.15 0.21
Gmax (Mg g™") 9.5 13.2
K¢ (L mmol™) 0.14 0.04
Freundlich Kg (mmol g’l) 0.25 0.15
n 3.52 1.72
Temkin Kt (L mmol™) 4.94 0.46
br (&J mol™) 107.25 59.70
Dubinin-Radushkevich (D-R) Jmax (Mmol gfl) 0.12 0.11
Jmax (mg g™ 7.3 7.26
B (mol® J?) 3.14 x 107 3.34 x 107°
E (k] mol™) 1.26 0.39
Sips Jmax (mmol g™") 0.26 0.23
max (Mg &™) 16,5 14.6
Ks (L mmol™) 0.18 0.04
n 2.35 1.11
Redlich-Peterson (R-P) Jmax (mmol g_l) 0.06 0.02
max (Mg g™) 3.9 1.48
n 0.81 0.53
Kg (mmol g™") 0.11 0.02
ag (L mmol™) 1.8 0.86

Table 9

Linear regression coefficients and errors for various isotherm models investigated

Model R? HYBRID EABS Ve
Mumong peat

Langmuir 0.986 0.21 0.09 0.02
Freundlich 0.979 0.04 0.05 0.03
Temkin 0.982 0.02 0.04 0.00
Dubinin-Radushkevich (D-R) 0.744 0.56 0.18 0.05
Sips 0.988 0.02 0.04 0.00
Redlich—Peterson (R-P) 0.999 0.02 0.03 0.00
Panaga peat

Langmuir 0.975 0.08 0.06 0.01
Freundlich 0.956 0.13 0.08 0.01
Temkin 0.969 0.15 0.08 0.01
Dubinin-Radushkevich (D-R) 0.746 1.09 0.26 0.10
Sips 0.979 0.08 0.06 0.01

Redlich—-Peterson (R-P) 0.923 0.12 0,07 0.01
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Fig. 10. Different isotherm models for adsorption of Cu(II)
onto (A) Mumong and (B) Panaga peat [experiment (s),
Langmuir (=), Freundich (=), D-R ( ), Temkin (=), R-P
(), Sips (=)].
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ln(kR% - 1> =nln C.+1nag (20)

€

Table 8 shows the values of parameters obtained
for all isotherms models investigated. It can be seen
that the D-R isotherm gave the lower R* for both the
peat samples, clearly indicating that this is an unsuit-
able model for the adsorption of Cu(ll). All the other
five isotherm models gave good R* (>0.96). In order to
determine which of these isotherms is better suited to
the adsorption of Cu(Il) on peat, three different error
analyses (HYBRID, EABS, and y?) were performed.
Table 9 shows the values of each error function for the
isotherm models.

In terms of lowest overall errors, the Sips, Temkin,
and R-P provide validity for Mumong peat, while the
Langmuir and Sips are good for Panaga peat. In addi-
tion, there is a good agreement between gmax values
determined for the Langmuir and Sips isotherms for
Panaga peat. Further, as the Sips isotherm model can
be fitted to both the Mumong and Panaga peat, and it
is believed that the Sips equation provides more realis-
tic adsorption capacity than that from the Langmuir
equation [30]. Based on the values of regression (R?)
and error functions, the order of the wvalidity of
the isotherm models is: R-P 2 Sips~ Temkin >
Freundlich > Langmuir > D-R  for Mumong and
Sips 2 Langmuir » Temkin > Freundlich > R-P > D-R
for Panaga. The maximum adsorption capacities
(max) for Cu(ll) peat determined by Sips are 16.5 and
146 mg g ' on Mumong and Panaga peat samples,
respectively.

Table 10

Comparison of adsorption capacities of different adsorbents

Adsorbent Gmax (mg g™ Refs.
Mumong peat 16.5 This work
Panaga peat 14.6 This work
Herbaceous peat 4.8 [46]

Irish peat moss 17.6 [47]
Pristine peat 17.8 [36]
Saccharomyces cerevisiae (Baker’s yeast) 13 [16]
Banana peel 4.8 [17]
Orange peel 3.6 [17]
Kaolinite 10.8 [18]

Tea waste 8.6 [7]

Black carrot residues 8.9 [62]
Coconut tree sawdust 3.9 [63]
Sugarcane bagasse 3.7 [63]
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This can be further confirmed with the simulated
plot (Fig. 10) comparing the theoretical Langmuir,
Freundlich, Temkin, D-R, R-P, and Sips isotherms
with the experimental data for the adsorption of Cu
(II) onto Mumong and Panaga peat.

3.8. Comparison with other adsorbents

A comparison of the adsorption capacity (gmax) of
the peat under investigation with other types of peat
as well as other adsorbents reported is given in
Table 10. When compared to other adsorbents, both
peat types used in this study showed higher adsorp-
tion capacities. The differences in gmax are due to the
nature and properties of each adsorbent, such as
chemical structure of the adsorbents and surface area.
A comparison with other adsorbents, such as banana
peel, orange peel, and tea waste, indicates a high Cu
(I adsorption capacity of the Mumong and Panaga
peat.

4. Conclusion

Characterization of peat samples collected from
Mumong and Panaga areas in Brunei Darussalam
revealed their acidic nature. The H/C ratio is similar
for both peat types suggesting the similar degree of
aromatic components present in both, and further,
Panaga peat shows a significantly lower C/N ratio
suggesting it more decomposed. SEM images showed
porous structure and the presence of elements is con-
firmed through XRF analysis. High value of ash indi-
cates high amounts of minerals in peat. In addition,
thermogravimetric analysis indicates that the Mumong
peat is more thermally stable than the Panaga peat.
The adsorption isotherms and the kinetics studies
revealed strong adsorption behavior of peat toward
Cu(l). The equilibrium isotherm data analyzed using
the Langmuir, Freundlich, Temkin, Dubbinin-
Radushkevich, Redlich-Peterson, and Sips isotherm
models demonstrate that the Sips isotherm provided
the best correlation coefficient and lowest error values
for adsorption of Cu(ll) on both peat types. Reason-
ably high adsorption capacity of 16.5 and 14.6 mg g~ ',
as compared to other reported adsorbents, was
obtained for the Mumong and Panaga peat, respec-
tively, indicating the Bruneian peat has promising use
as an adsorbent in wastewater treatment containing
Cu(II) ions. The kinetics of peat interactions is very
complex, and different mechanisms of interactions
based on the pseudo-second-order and intraparticle
diffusion processes would play a role in the adsorp-
tion of Cu(Il). It could be concluded that the Mumong
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and Panga peat have a potential to be used as low-
cost natural and abundant source for the removal of
CuD).
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