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Abstract Removal of p-nitrophenol (PNP) from aque-
ous solutions using fibrous peat has been investigated in
this study by batch adsorption experiments. Factors that
can affect the adsorption process, such as pH, tempera-
ture, initial PNP concentration and contact time, have
been investigated. Fourier transform infrared (FTIR)
and thermogravimetric analysis (TGA) measurements
have also been obtained in order to study the adsorption
mechanism of PNP by peat. The Langmuir and
Freundlich equations have been applied to investigate
the equilibrium. The data fitted the Langmuir isotherm
well, with the maximum adsorption capacity decreasing
with temperature from 23.4 to 16.1 mg g'. In general,
the adsorption equilibrium was attained within 100 min.
For the kinetics study, the best fit was obtained by the
pseudo-second-order model instead of the pseudo-first-
order model, both of which applied to the experimental
data, whereas the results of intraparticle diffusion show
a two-step adsorption process. The activation energy
value of 70.31 kJ mol ', calculated from the Arrhenius
equation, indicated a predominantly chemical adsorp-
tion, whereas the thermodynamic parameters, obtained
by the van’t Hoff equation, were exothermic and spon-
taneous in nature.
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1 Introduction

In recent years, great attention has been given to
nitroaromatic compounds in the environment. p-
Nitrophenol (PNP) is a nitroaromatic compound that is
widely used in many industries such as oil refineries,
petrochemicals, coke ovens, pesticides and herbicides,
among others. This compound, in bodies of water, af-
fects water quality and can induce physical, chemical
and biological changes in many species of animals and
plants. Also, depending on the concentration level, wa-
ter containing PNP can be toxic to both aquatic life and
human health (Chang et al. 2009).

Owing to the increased discharge of organic contam-
inants in wastewater, it is very important to treat efflu-
ents containing such compounds before they reach the
water bodies (Tang et al. 2007). In order to meet envi-
ronmental regulations, several wastewater treatment
technologies are available, among which advance oxi-
dative processes (Oller et al. 2011), extraction processes
and biodegradation (Yuan et al. 2012) stand out.
However, in some cases, these processes are not satis-
factory because of their high cost and that they can also
generate secondary contaminants. The PNP molecule
has a nitro group in its aromatic ring, which gives it
resistance to chemical oxidation. Furthermore, anaero-
bic and biological degradation can generate hydroxyl
and nitro compounds, which can be carcinogenic (Li
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et al. 2009). Considering these aspects, the purification
of wastewater contaminated with PNP is a great chal-
lenge for scientists and environmental engineers, and
new technologies must be developed for the removal of
PNP from industrial effluents.

Adsorption is widely used to remove contaminants
from wastewater, owing to its performance, ease of op-
eration and relatively simple regeneration. Adsorbent
materials such as activated carbon (Huang et al. 2008;
Shao et al. 2013; Ding et al. 2014), resins (Pan et al.
2006), montmorillonite (Almeida et al. 2009; Ye and
Lemley 2009; Xue et al. 2013; Marco-Brown et al.
2014), organoclay (Ko et al. 2007), chitosan (Ngah and
Fatinathan 2006), mineral waste from coal mining
(Almeida et al. 2010), nanoparticles (Jing et al. 2013),
cotton fibres (Liu et al. 2014a, b), magnetic adsorbents
(Ma et al. 2014), montmorillonite clay modified with iron
(Cottet et al. 2014), among others, have been used in
order to remove PNP and other contaminants from aque-
ous solutions. In contrast, peat is an alternate, low-cost
biosorbent of high porosity that does not require activa-
tion and is feasible in many tropical countries, including
Brazil (Fernandes et al. 2007, 2011; Rovani et al. 2014).

Peat has many applications in remediation and soil
conditioning as well as nutrient storage, as it is a mate-
rial with high organic matter content. Using knowledge
of the characteristics and composition of peat, it has
become widely used and studied as an alternate material
for the treatment of waters and effluents (Couillard
1994; Brown et al. 2000; Zhi-rong et al. 2008) in an
adsorption processes (Twardowska et al. 1999; Petroni
et al. 2000; Ringqvist et al. 2002; Fernandes et al. 2007,
2010a, 2011; Zhi-rong et al. 2008; Rovani et al. 2014).
Several studies have been developed with peat, owing to
its high capacity to remove contaminants such as metals,
dyes, organic molecules and odours from domestic and
industrial effluents (Couillard 1994). Researchers have
suggested possible interactions between contaminants
and peat through ion-exchange reactions, owing to the
presence of polar functional groups such as alcohols,
aldehydes, carboxylic acids, ketones and phenolic hy-
droxides, which may bond with the adsorbed pollutant
species (Couillard 1994; Brown et al. 2000).

In this study, peat was used as the biosorbent in the
removal of PNP from aqueous solutions. The effects of
parameters such as initial concentration of PNP, contact
time and temperature on the adsorption process were
investigated. Kinetics, equilibrium and thermodynamic
studies were also addressed.
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2 Experimental
2.1 Chemicals

p-Nitrophenol (PNP) (molecular weight:
139.11 g mol!; molecular formula: CHsNOs; maxi-
mum wavelength: \,,,,=400 nm) was supplied by Vetec
and used without further purification. A PNP stock
solution was prepared by dissolving an accurately
weighed quantity of PNP in deionised water in volumet-
ric flasks to achieve a concentration of 2000 mg L.
Working PNP solutions were obtained by diluting the
PNP stock solution to the required concentration (50—
1500 mg L™"). All reagents used in this study were of
adequate purity for the analyses (analytical grade).

2.2 Biosorbent Preparation and Characterization

The peat sample used in this study was collected in a
peat land in the Arroio do Silva Beach (Santa Catarina
State, South of Brazil). It was classified as fibrous peat
(FP) according to the International Peat Society (IPS)
(Fernandes et al. 2007; Girardello et al. 2013). The peat
was air dried and sieved to give a 50-150 mm size
fraction using ASTM standard sieves; it was then acid-
ified in a separation funnel using 1.0 mol L™' HCI
(10 mL). Then, it was rinsed with deionised water until
the pH reached a value 5 and dried at 60 °C for a period
of 24 h. Typical characteristics of the peat (such as
acidity, density and ash content) have already been
obtained in previously studies (Fernandes et al. 2007,
2010b).

The biosorbent (FP) was characterised by vibrational
spectroscopy in the infrared region with Fourier trans-
form (FTIR) using a Shimadzu Prestige-21 spectrometer
(California, USA). The spectrum was obtained with a
resolution of 4 cm ™' with 64 cumulative scans. Pellets
were prepared by pressing a mixture of 1 mg of peat and
100 mg of KBr (spectroscopy grade) under vacuum.
Thermogravimetric analysis (TGA) was performed
using a Seiko Instrumentation Inc. thermogravimetric/
differential thermal analyser (TG/DTA 6300; Tokyo,
Japan). The sample (ca. 10 mg) was placed in a platinum
crucible and heated from 30 to 1000 °C under an atmo-
sphere of nitrogen (50 mL min ') at a heating rate of
10 °C min'. Additional characterisation has been pre-
sented in a previous study (Fernandes et al. 2010b;
Girardello et al. 2013).
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2.3 Adsorption Method

Batch uptake studies were conducted by placing 100 mg
ofpeat in contact with 50 mL of PNP solution of varying
initial concentrations from 50 to 1000 mg L™ at pH 8.
The pH study was performed by comparing the solu-
tions containing PNP (600 mg L") with acidic and
basic pH values for a period of 240 min. The flasks with
their contents were then shaken throughout the experi-
ments at different adsorption temperatures of 15, 25 and
35 °C. The stirring speed was kept constant at 500 rpm.
Blanks were used to correct the absorbance for the
presence of dissolved organic matter. At the end of each
adsorption period, a 100 pL aliquot was collected, di-
luted, homogenised and centrifuged (Centribio 80-2B;
Sé&o Paulo, Brazil) for 10 min at 2000 rpm. The concen-
tration of PNP in the supernatant solution, before and
after adsorption, was determined spectrophotometrical-
ly using a calibration curve in a Varian Cary 50 UV/Vis
(California, USA) diode array spectrophotometer with a
1 cm path length cell at \;,,,=400 nm.

The amount of PNP adsorbed at each time interval
and the percentage removal of PNP (%) by the peat were
calculated by applying Eqgs. (1) and (2), respectively:

(Co=Cy)

C]:T'V (1)

Y%Removal = 100-7(6'0 <) (2)
Co

where ¢ is the amount of PNP adsorbed by the adsorbent
(mg g "), C, is the initial PNP concentration in contact
with the adsorbent (mg L"), C is the PNP concentra-
tion (mg L") after the batch adsorption process, m (g) is
the mass of adsorbent and V is the volume of PNP
solution (L).

3 Results and Discussion
3.1 Biosorbent Properties

Figure la, b shows the FTIR spectra of the FP before
and after adsorption of PNP, respectively. In general, the
spectra present similar characteristics, with typical ab-
sorption bands of natural organic matter (Fernandes
et al. 2010b; Girardello et al. 2013). The major infrared
absorptions observed included two peaks at 2923 and
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Fig. 1 FTIR vibrational spectra for the peat (a) and peat + PNP
(b). The number indicated for each band corresponds to a wave-
number expressed in cm '

2848 cm !, corresponding to asymmetric and symmet-
ric C—H stretching of the CH, groups of aliphatic hy-
drocarbons, respectively; a band at 1610 cm ! assigned
to C=C stretching, C=0 stretching of COO—, ketonic
C=0 and aromatic C=C conjugated with COO—; a peak
at 1509 cm ! attributed to N-H deformation, C-N
stretching vibration and C=C aromatic bounds; a peak
at 1268 cm ', corresponding to aromatic C and C-O
stretching and the region between 1250 and 1000 cm ™'
attributed to C-O stretching of aryl esters, esters and
phenols (Antunes et al. 2012; Girardello et al. 2013).
The main differences observed in the FTIR spectra were
related to the bands at 3300 and 1330 cm ™. The absorp-
tion band at 3300 cm ', assigned to O—H stretching, was
shifted after adsorption (Fig. 1b), demonstrating an in-
teraction between the peat surface and the phenolic
group of the PNP. In addition, the peak at 1334 cm ™,
attributed to C—O-H stretching of bonds in carboxylic
acids, was only present in the peat + PNP spectrum,
demonstrating the effective adsorption of PNP in the
biosorbent.

The thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) curves are shown in Fig. 2. In gen-
eral, the thermal decomposition proceeds through three
main stages. The first stage occurs in the temperature
range of 62—65 °C and corresponds to the evaporation of
water incorporated into or adsorbed onto the peat, which
is accompanied by a slight weight loss (around 11 %). In
the second and third stages, at temperatures of approx-
imately 300 and 450 °C, weight losses of 29.8 and
38.6 % are observed for peat and 29.8 and 21.4 % for
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Fig.2 TG (solid line) and DTG (dash line) curves of peat (a) and
peat + PNP (b)

peat + PNP, respectively. This temperature range is
related to the decomposition of organic compounds
present in the peat sample (Fernandes et al. 2010b;
Girardello et al. 2013). Two weight losses can be ob-
served in the TG curve of peat + PNP (Fig. 2b), with the
first peak at 749 °C with 15.0 % loss and the other at
923 °C with 9.6 % loss. Weight losses observed for
temperatures higher than 600 °C are associated with
phenomena such as reactions of silica and alumina at
these temperatures as well as the development of new
crystalline phases containing silicates (Goulart 1995).

3.2 Adsorption Parameters

The effects of initial pH on percentage of removal of PNP
solution (600 mg L") using fibrous peat were evaluated
within the pH range 1-11. There is an acid—base balance
in PNP solution, which presents in its acidic form at a
wavelength ~315.0 nm, whereas the alkaline form has a
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wavelength ~400.0 nm. According to the observed ab-
sorbance values, the adsorption of PNP into peat is not
significant at acidic pH values (1-6) (10.20-25.52 %)),
because an ion—dipole interaction occurs between the
peat and PNP, whereas hydrogen bonds occur between
the hydroxyl group of PNP and the carboxyl groups
present in the peat (Nourmohammadian et al. 2007). At
pH values of 8-9, there was increased removal of PNP
(40.58-56.76 %), which may be attributed to the ex-
change of electrons between peat and p-nitrophenolate
ions (Erdem et al. 2009). At pH values of 1011, the
results were not affected by the presence of peat, because
the p-nitrophenolate ions were not densely embedded in
the surface of the peat, causing an electrostatic repulsion
(Chang et al. 2009). On these aspects, pH 8 was chosen
for the adsorption experiments.

The effects of the initial concentration and the re-
moval percentage on PNP adsorption into peat at 25 °C
are shown in Fig. 3. The results demonstrate that the
percentage removal of PNP decreases with increasing
PNP concentration at all temperatures studied. On the
other hand, more PNP was retained by the peat when the
initial PNP concentration increased, reaching a maxi-
mum at 1200 mg L™'. Above this concentration, the
adsorption equilibrium was established and the PNP
concentration in the bulk solutions becomes a dynamic
balance with that on the surface. This study provides
information on the adsorption capacity of peat. In a
fixed mass of adsorbent, increasing the amount of ad-
sorbate causes the occupation of the adsorption sites to
reach saturation in the surface layer. After saturation, no
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Fig. 3 Effects of the amount of PNP adsorbed (¢) (a) and the
initial PNP concentration (Cy) (b) on adsorption at 25 °C. Condi-
tions: pH 8.0 and FP biosorbent mass 100.0 mg
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more sites are available in the adsorbent and the adsorp-
tion capacity is attained.

In general, the amount of PNP adsorbed onto the peat
increases with time, until it reaches the adsorption equi-
librium (Fig. 4). As can be seen, there was rapid PNP
removal during the first 20 min for all concentrations
evaluated, owing to reduced binding sites in the peat
(Saha etal. 2010). The saturation was established within
approximately 50 min for concentrations of 50—
1000 mg L™" and within about 100 min for the other
concentrations. This occurs because of the increased
number of PNP molecules in solution, which can com-
pete with each other through the pores of the biosorbent,
contributing to the increased length of time required to
reach the adsorption equilibrium (Liu et al. 2014a, b; Ma
etal. 2014). The temperature variation caused a decrease
in the adsorption capacity, mainly from 25 to 35 °C. The
same trend was found in a study by Erdem et al. (2009),
in which the decay of adsorption capacity was triggered
because of the exothermic nature of the process.

3.3 Kinetic Studies

The study of adsorption kinetics is an important tool to
better understand the rate at which contaminants are
removed from aqueous solutions onto the surface of an
adsorbent, which, in turn, controls the residence time of
the adsorbate uptake at the solid—solution interface
(Altenor et al. 2009). The pseudo-first-order and
pseudo-second-order kinetic models were applied to

25

q, (mgg")

0 50 100 150 200 250

Time (min)
Fig. 4 Progressive removal of PNP from aqueous solutions using
peat at concentrations of 100 (a), 400 (b), 800 (c) and 1500 mg L™

(d) at 25 °C. Conditions: pH 8.0 and FP biosorbent mass of
100.0 mg

describe the adsorption processes in this study. The
pseudo-first-order linear equation (Ho 2004) is given as

In(g,~q,) = Ing,,—kt (3)

where ¢.; (mg g ') represents the amount of PNP
adsorbed at equilibrium, as calculated by the pseudo-
first-order equation, k; (min') is the adsorption rate
constant for the pseudo-first-order reaction and ¢ (min)
is the time interval (Chang et al. 2009; Erdem et al.
2009; Li et al. 2009; Iram et al. 2010). According to
Eq. (3), the plot of In(g.—¢,) versus ¢ should give a
straight line to be applicable with a high correlation
coefficient. From the straight line, the values of &, and
ge1 can be determined.

The pseudo-second-order linear equation can be giv-
en as

t - 1 i t
q; kZ qu de2

(4)

where g, (mg g ') is the amount of PNP adsorbed at
equilibrium, as calculated by the pseudo-second-
order equation, and k, (g mg ' min ') is the adsorp-
tion rate constant for the pseudo-second-order reac-
tion (Chang et al. 2009; Erdem et al. 2009). The
constants k» and ¢., can be calculated from the
straight line plot of #/g, versus .

The values of the kinetic parameters for PNP removal
using peat are shown in Table 1. As can be seen, the
adsorption data fit better to the pseudo-second-order
kinetic model than the pseudo-first-order model. The
linear correlation coefficients of the pseudo-second-
order reaction are above 0.99 for all initial PNP concen-
trations and for the three temperatures studied (Fig. 5).
Furthermore, the experimental g, (¢c.exp) data are closer
to the values obtained using the pseudo-second-order
kinetic model, indicating that the overall process is both
dependent on the amount of PNP and on the available
sites in the peat (Fernandes et al. 2007; Chang et al. 2009;
Erdem et al. 2009; Li et al. 2009; Almeida et al. 2010).

The effect of intraparticle diffusion resistance on
adsorption can be evaluated using a model based on
the theory proposed by Weber and Morris (1963), as
described by Eq. 5:

q, = ki’ +C (5)

where k; is the rate constant (mg g ' t °) and values of
C give information regarding the thickness of the
boundary layer (Hu et al. 2010). A plot of ¢, against
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Table 1 Kinetic parameters and intraparticle diffusion for PNP removal using a peat adsorbent

T(°C) Co(mgL™h Qe exp (Mg g ") Pseudo-first-order

Pseudo-second-order Intraparticle diffusion

102k, g R, 102k, Ge> R> 102k C R
(min") (mgg") (gmg 'min") (mgg) (mg g ' h %)

15 50 2.05 1494 121 09730 34.1 212 09999 456 122 09729
100 3.00 286 100 09156 12.8 312 09995 11.70 0.81 0.9832
200 549 518 2.8 09766  5.63 595 09935 2373 225 09967
400 10.37 136 462 09299 116 1039  0.9984 40.12 3.80 0.9801
600 13.76 151 393 07383  1.18 1440  0.9968 162.48 238 0.9831
800 17.51 234 505 07390 092 1795 09991 14829 481 0.9968
1000 20.49 285 13.05  0.8408 029 2203 09958 174.30 1.10 0.9922
1200 20.81 3.16 1327 09440 045 2199  0.9979 206.24 2.12 0.9840
1400 2138 078 647 06929 059 2765 09959 201.16 823 0.9756
1500 21.14 124 561 07759 128 2090  0.9993 114.46 8.48 0.9955

25 50 1.82 192 112 09370 332 200 09916  8.80 0.24 0.9826
100 3.51 202 353 09192 387 3.51 0.9944 12.61° 0.82 0.9825
200 5.23 208 154 09176 323 707 09993 1539 244 09928
400 9.91 131 141 05734 337 1049  0.9988 39.42 441 09681
600 12.27 137 195 04873 321 1299 09997 4855 570 0.9972
800 17.00 170 167 05956  3.49 17.11 0.9997 248.66 0.50 0.9945
1000 19.20 286 608 08049 187 1949  0.9994 15098 575 0.9780
1200 19.71 227 1945 09405  1.04 1999 09964 198.11 0.08 0.9977
1400 20.30 211 743 07269 134 2043  0.9986 22824 0.13  0.9996
1500 19.63 140 666 07231  1.09 1996  0.9956 236.54 1.85 0.9504

35 50 2.40 573 0.2 0.8097 232.80 241 0.9999  1.18 1.56 0.9916
100 3.90 21.07 293 09913 1936 406 09998 54.39 0.03 0.9947
200 6.50 362 503 09612 116 735 09982 60.73 136 0.9973
400 8.60 123 475 09667 094 858 09977 56.80 241 0.9990
600 11.14 116 504  0.8988  1.03 1141 09983 67.94 451 09921
800 11.80 153 342 09782 166 1194 09994 43.13 735 0.9960
1000 12.70 107 386 08539 191 1234 0.9996 136.54 499 09978
1200 13.60 7.14 896 09418  1.18 1729  0.9937 148.50 6.29 0.9746
1400 14.20 047 1405 09243 435 1520  0.9917 308.94 0.18 0.9946
1500 13.50 071 238 04349 557 1290  0.9963 374.28 0.22 0.9896

Conditions: pH 8.0 and mass of adsorbent 100.0 mg

"% should give a linear graph, where the slope is 4; if the
adsorption mechanism follows the intraparticle diffu-
sion process. However, the data of this study (Fig. 6)
exhibit multi-linear plots; therefore, the process is
governed by two steps. This reveals that more than
one mode of adsorption takes place in the uptake of
PNP by peat. The initial linear portion might be attrib-
uted to the immediate adsorbing sites available on peat
surface, and the later linear portion refers to gradual
adsorption at the final equilibrium stages, in which

@ Springer

intraparticle diffusion starts to slow down and level out
because of the low PNP concentration remaining in the
solution or because maximum adsorption is attained (Hu
et al. 2010; Bhatnagar et al. 2010). The slope of the
second linear portion of the plots has been defined as a
rate parameter (k;), which characterises the rate of ad-
sorption when pore diffusion is rate limiting, according
to Table 1. These results suggest that the adsorption of
PNP onto peat is controlled by external mass transfer
followed by intraparticle diffusion mass transfer



Water Air Soil Pollut (2015) 226: 236

Page 7 of 12 236

21 A
(©
184
(@)
15
b
- (b)
>
~ 941
-
6-
3
0-
T T T T T T T
0 50 100 150 200 250

Time (min)

Fig. 5 Pseudo-second-order kinetics of PNP adsorption onto peat
at 25 (a), 35 (b) and 45 °C (c). Conditions: pH 8.0, FP biosorbent
mass of 100.0 mg and Cy=800 mg L™

(Arasteh et al. 2010). The values of C can determine the
boundary thickness, as larger C values correspond to
greater boundary layer diffusion effects (Yao etal. 2010,
2014. According to Table 1, C and k; values decreased
with increasing temperature (15-25 °C) in the concen-
tration range of 600—1200 mg L™".

The activation energy of the adsorption process is
found through the plot of In &', versus 1/7, according to
the Arrhenius equation, given as

, E,

Ink, = In4 T (6)
where k, is the pseudo-second-order rate constant for
adsorption (g mol ™' s7"), E, is the activation energy

25

(d)

T
00 25 50 75 100 125 150
0.5
t (h)

Fig. 6 Intraparticle diffusion model for PNP adsorption onto peat
at 25 °C for concentrations of 100 (a), 400 (b), 800 (c¢) and
1000 mg L™! (d)

(J mol™), 4 is the temperature-independent pre-expo-
nential factor, R is the gas constant (8.314 J K ' mol™)
and 7 is the solution temperature (K). On the basis of a
plot of In &', versus 1/7, E, can be estimated from the
slope of what should be a straight line passing through
the points. The value of £, may indicate whether the
adsorption process is physical or chemical. For
physisorption, the value lies in the range of 50—
40 kJ mol !, whereas for the chemisorption, the value
is in the 40-800 kJ mol ' range (Erdem et al. 2009). The
E, was found to be 70.31 kJ mol !, which is a high
potential barrier for the adsorption process and, there-
fore, corresponds to chemisorption.

3.4 Equilibrium Studies

Adsorption isotherms can show how molecules are dis-
tributed between liquid and solid phases when the ad-
sorption process reaches an equilibrium state, indicating
the interaction level between an adsorbate and an adsor-
bent. The adsorption of an adsorbate from one phase to
the surface of another in a specific system leads to a
thermodynamically defined distribution of the adsorbate
between the phases as the system reaches equilibrium
(Khenifi et al. 2009). Thus, the correlation of data by
theoretical or empirical equations is essential for the
practical design of adsorption systems (Chang et al.
2009). In this study, data were adjusted according to
the Langmuir and Freundlich models. The Langmuir
model is generally used with the assumption of ideal
surface adsorption that is entirely homogeneous, where-
as the Freundlich model is suitable for a heterogeneous
system (Freundlich 1906; Li et al. 2009). The linear
form of the Langmuir isotherm (Langmuir 1916;
Fernandes et al. 2007) is usually given as

C. 1 C.
s )

9e qmaxKL 9max

where ¢. (mg g ") is the amount of PNP adsorbed per
unit mass of peat at equilibrium and K; (L mg ') is the
Langmuir constant related to the affinity of the binding
sites; Gmax (Mg g ') is a parameter related to the maxi-
mum amount of PNP per unit weight of peat, which is
defined as the monolayer saturation capacity,
representing the maximum adsorption capacity of the
adsorbent for a particular adsorbate (Li et al. 2009). K.
and ¢n.x are Langmuir constants found from the
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Table 2 Parameters of Langmuir isotherms and Freundlich for adsorption of PNP onto peat

T (°C) Langmuir Freundlich

K, (Lmg™) Gmax (Mg g7 . KeLg™h n re
15 0.0095 23.39 0.9978 0.5313 1.85 0.9858
25 0.0068 22.90 0.9980 0.4962 1.82 0.9661
35 0.0053 16.10 0.9955 2.1813 3.77 0.9847

Conditions: pH 8.0 and mass of adsorbent 100.0 mg

intercept and slope of the straight line of the plot C/g.
versus C., respectively.

The Freundlich isotherm is an empirical equation and
is satisfactory for low concentrations of adsorbate (Li
et al. 2009). The linear form of the Freundlich isotherm
(Freundlich 1906) is given as

1
Ing, = InKr + ;lnCe (8)

where Ky (mg L") is the Freundlich constant and 7 is a
parameter related to the intensity of adsorption and to
the system heterogeneity. K and n are Freundlich con-
stants found from the intercept and slope of the straight
line of the plot In ¢, versus In C,, respectively.

The parameter related to the maximum amount of
PNP per unit weight of peat (¢max) indicates the theo-
retical monolayer saturation capacity. The gn. values
decreased from 23.39 to 16.10 mg g ' as a function of
temperature (Table 2). Moreover, these g,.x Values are
quite significant for PNP removal when compared to
surfactant-modified clinoptilolite—polypropylene hol-
low fibre composites, nano-titanium dioxide and bis-
muth ferrocyanide, as can be seen in Table 3 (Nouri
and Hagheseresht 2004; Krasil’nikova et al. 2008;
Mehrizad et al. 2012; Motsa et al. 2012; Yao et al.
2014; Ofomaja and Unuabonah 2013; Tewari 2014).
The values of K; and K%, as well as their correlation
coefficients, ¢ and 7y, are shown in Table 2. Based on
the correlation coefficients, the fit of the Langmuir

Table 3 Adsorption capacities of nitrophenol compounds on various adsorbents

Adsorbents Removed Adsorption Temperature (°C) Co (mg L") pH References
compounds capacity
Gmax (g g )
Brazilian peat p-Nitrophenol 23.39 15 50to 1500 8 Present study
Surfactant-modified 2.4.6-Trichlorophenol 19.40 28 3to 150 4to 6 Motsaetal 2012
clinoptilolite—polypropylene  Ortho-nitrophenol 1.51 2t0 6
hollow fibre composites
0x-SWNTs p-Nitrophenol 206.13 20 - - Yao et al. 2014
Activated charcoal 4-Nitrophenol 388.12 20 - - Krasil’nikova et al. 2008
Nano-titanium dioxide 4-Chloro-2-nitrophenol ~ 17.53 25 2to 10 Mebhrizad et al. 2012
Mansonia sawdust 4-Nitrophenol 425.68 26 100 4 Ofomaja and
Unuabonah 2013
Untrated activated carbon p-Nitrophenol 222.58 28 - 2 Nouri and
Trated activated carbon 225.36 Hagheseresht 2004
BiFC p-Aminophenol 28.57 27 139t0 139 7 Tewari 2014
p-Nitrophenol 36.36
PbFC p-Aminophenol 44.44
p-Nitrophenol 50.00
MnFC p-Aminophenol 66.67
p-Nitrophenol 80.00
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model to the experimental was better (r >0.99) than the
Freundlich model (r:<0.98), indicating the formation of
a monolayer of PNP molecules on the peat surface (Li
et al. 2009). Similar behaviour was observed by
Ahmaruzzaman and Gayatri (2010) for the adsorption
of PNP onto acid-activated jute stick char. Thus, PNP
adsorption onto peat is limited to monolayer coverage
with no significant interactions among neighbouring
adsorbed molecules. It also means that the surface is
relatively homogenous in terms of functional groups
(Fernandes et al. 2010b) (Fig. 7).

3.5 Thermodynamic of Adsorption

Thermodynamic parameters, such as the Gibbs free-
energy change, (AG®,q4s), enthalpy change (AH°,4) and
entropy change (AS°,), of an adsorption process are
important in order to understand the kind of energy in-
volved when molecules go to an adsorbent surface and
how much of this energy is involved in the process. For
PNP adsorption onto peat, AH ,qs and AS°,qs were de-
termined from the van’t Hoff equation (Iram et al. 2010):

AS t;ds _ AH :ldS
R RT

I, — o)
where K’ (L mol ") is the Langmuir equilibrium constant.
The values of AH°,4 and AS°,4 were determined from
the slope and intercept of the plot of In K'; versus 1/7,
respectively. AG®,qs values were calculated from Eq. 10
(Iram et al. 2010), as follows.

100
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Fig. 7 Linear form of the Langmuir adsorption isotherm for the
adsorption of PNP onto peat at 15 (a), 25 (b) and 35 °C (c).
Conditions: pH 8.0 and FP biosorbent mass of 100.0 mg

Table 4 Thermodynamic parameters for the adsorption of PNP
onto peat

T (OC) ASOad,\' AR ads AGoads
(K" mol™ (kJ mol™") (kJ mol™")

15 —13.870 —21.171 —-17.18

25 —17.04

35 —16.90

Conditions: pH 8.0 and mass of adsorbent 100.0 mg

AG, = —RTanL (10)

The thermodynamic parameters of PNP adsorption
onto peat are shown in Table 4. The negative values of
AG°, at all temperatures confirmed the spontaneous
nature of the adsorption process and the feasibility of the
adsorption of PNP onto peat (Fernandes et al. 2010a). As
can be seen, the increase in AG®,4, value with increasing
temperature suggests a reduction in the spontaneous na-
ture of the adsorption process, as the value of the mod-
ulus of decreases (Chowdhury et al. 2011). Adsorption
with AG®,q values between —20 and 0 kJ mol ' corre-
spond to physical processes, whereas those with values
ranging from —400 to —80 kJ mol "' correspond to chem-
isorption. A negative AG°,q4s value for the adsorption
process confirms that the adsorption of PNP onto peat is
spontaneous (Iram et al. 2010). A negative AH®,4, value
indicates an exothermic adsorption, whereas a negative
AS%,4s (AS®,4s=—13.870 kJ molfl) corresponds to a
decrease in the degrees of freedom of the adsorbed spe-
cies (Girardello et al. 2013). The negative AS®,q4 value is
corroborated by the decrease in the degrees the freedom
of PNP, as the adsorption is not compensated by the
increase of freedom of water from the peat surface
(Romero-Gonzalez et al. 2005; Ozcan et al. 2006).

4 Conclusion

Peat was investigated to evaluate its performance in
terms of the removal capacity of PNP from aqueous
solutions. FTIR and TGA data of the peat sample stud-
ied showed typical characteristics of organic matter. In
addition, the FTIR spectra before and after adsorption
presented small differences, indicating the effective ad-
sorption of PNP onto peat. The ¢,.x values obtained by
application of the Langmuir equation were 23.39, 22.90
and 16.10 mg g ' at 15, 25 and 35 °C, respectively,
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indicating an endothermic adsorption process. Based on
the correlation coefficients of the kinetic models, the
pseudo-second-order model was deemed more appro-
priate to describe the adsorption process, indicating that
the overall process was dependent on the amount of
PNP and the available sites in the peat. Intraparticle
diffusion results show two steps, and k; values obtained
for the second step suggest that the adsorption of PNP
onto peat is controlled by external mass transfer follow-
ed by intraparticle diffusion mass transfer. The E, value
and thermodynamic parameters showed that the nature
of the adsorption process was exothermic and sponta-
neous. These aspects demonstrate the efficiency of ad-
sorption of PNP onto peat.
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