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SURFACTANT-MODIFIED CLAY SORBENTS
FOR THE REMOVAL OF p-NITROPHENOL
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Abstract—Organic pollutants are widespread and a known problem for the environment. p-nitrophenol (PNP) is one such
pollutant found in effluents from various industries involved with pesticides, pharmaceuticals, petrochemicals, plastic, paper, and
other materials. The objective of this research was to prepare and test organically modified clays using four different surfactants
and to evaluate the removal efficiency of PNP from aqueous solutions. Organically modified clays have attracted great interest
due to their wide applications in industry and environmental protection as sorbents for organic pollutants. Two natural smectite-
dominated clay types from outcrops in Latvia and Lithuania as well as industrially manufactured montmorillonite (Mt) clay were
modified using different nonionic (4-methylmorpholine N-oxide (NMO) and dimethyldodecylamine N-oxide (DDAO)) and
cationic (benzyltrimethyl ammonium chloride (BTMAC) and dodecyltrimethyl ammonium chloride (DTAC)) surfactants.
Modified clay materials were characterized by Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD),
scanning electron microscopy (SEM), and the Brunauer-Emmett-Teller method (BET) for surface area analysis. Sorption of
PNP was investigated under various conditions, e.g. surfactant loading, initial PNP concentration, contact time, and pH. The
novelty of the present study was to prepare innovative organo-sorbents based on manufactured as well as natural clay samples
using cationic surfactants and nonconventional nonionic surfactants as modifiers. The sorption data combined with FTIR and
XRD supplementary results suggests that nonionic organo-clay (Mt-DDAO 2) is the most effective sorbent and may serve as a
low-toxicity immobilizer of pollutants such as phenols.
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INTRODUCTION Inorganic cations are exchanged with surfactant cations and, thus,
a hydrophilic surface of clay becomes hydrophobic; the derived
material can then be referred to as organoclay (Guégan et al.
2015; Zhang, Zhang et al. 2015).

Organoclays are created mostly using smectite-group clay
minerals that have a large surface area and a large cation ex-
change capacity — these properties are very important when
characterizing sorbents (Seliem et al. 2011; Bertuoli et al.
2014). The choice of surfactant with chemical and textural
properties that best fit the purpose is also of great importance
(Guégan et al. 2015). Organoclay synthesis can be performed
successfully by using surface-active organic (substituted) ammo-
nium ions containing long alkyl chains (Paiva et al. 2008).
Synthesis can be performed by various methods, e.g.: (1) cation-
exchange reactions; (2) solid-state reactions; and (3) microwave
irradiation (Paiva et al. 2008; Gamoudi et al. 2015).

Most chemical pollutants consist of organic compounds of
which phenols are among the most widespread aquatic contam-
inants (Nayak & Singh, 2007) as they are used widely in oil,
petroleum, coal, pharmacy, plastic, rubber, paper, dye, herbicide,

1+ o+ pesticide, and many other industries (Nayak & Singh, 2007; Yan
[(CH3);NR'| "or[(CH3),NR'R] (1) etal. 2007; Park etal. 2011; Lee & Tiwari, 2012; Luo et al. 2015).
In the aquatic environment a 96 h exposure to a phenolic

where R’ refers to aliphatic compounds and R” to aliphatic or  .oncentration of >2 mg/L is toxic to fish, but exposure to 10—
aromatic compounds (Yariv & Cross, 2002; Guégan etal. 2015). 100 mg/L for the same period is lethal to all hydrobionts (Lee
& Tiwari, 2012). Furthermore, human exposure, depending on

* E-mail address of corresponding author: ruta.ozola@Iu.lv the concentration, may lead to a variety of health risks, e.g.
DOI: 10.1007/s42860-019-00015-2 poisoning, eye and skin irritation, and damage to kidneys and
liver (Xue et al. 2013; Zhang et al. 2015). Contamination by

Clay minerals are aluminosilicates that include 1116 crys-
talline minerals and comprise ~80% of the sedimentary rocks
in the Earth’s crust (Seglins, 2010). Known properties such as
plasticity, fire resistance, cation exchangeability, and wide
distribution make them a resource used widely in industry
(Murray, 2007). From the point of view of environmental
engineering, the key properties of aluminosilicates are cation
exchange capability, structure, texture, and surface area
(Brovkina et al. 2012). Over recent decades, interest has in-
creased the use of clay minerals as a potential sorbent material
for organic (Ruiz-Hitzky et al. 2010) and inorganic pollutants
(Anirudhan & Ramachandran 2015). Most modified clays are
used as environmentally friendly or neutral sorbent materials
(Brovkina et al. 2012). Clay modification with surfactants
increases the ability of clay minerals to exchange metallic ions
with other cationic, anionic-cationic, and nonionic molecules
(Gamoudi et al. 2015). The generalized formula describing
surfactants of interest is:
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derivatives such as p-nitrophenol (PNP) and p-chlorophenol
(PCP) in drinking water causes bad odors even at very low
concentrations (Park et al., 2013).

Various wastewater-treatment methods for phenolic con-
taminants are available, such as biological and chemical
treatment, catalytic oxidation, ion exchange, solvent extrac-
tion, membrane filtration, and sorption methods (Luo et al.
2015). Sorption is considered to be more effective when the
phenolic concentration is too high for biological treatment
(Park et al. 2013; Luo et al. 2015). Nitrophenols are impor-
tant chemical intermediates that serve as precursors for
many pharmaceuticals and pesticides (Zhang et al., 2006).
A range of industries, such as the plastics and paper indus-
tries, use nitrophenols extensively in their products. Signif-
icant amounts of nitrophenols are commonly present in the
effluents of these industries and need to be treated before
being discharged into the environment (Orshansky &
Narkis, 1997; Li et al. 2002).

Various types of sorbents can be used for the remov-
al of phenols (including PNP) from water: humic sub-
stances (Yang & Koopal, 1999), composite geomaterials
(Houari et al. 2014), Mt modified with surfactants (Xue
et al. 2013), and magnetic materials (Han et al. 2013).
For instance, Fe-nano-zeolite was characterized as a
sorbent, and its potential applications and efficacy at
removing o-, m-, and p-nitrophenols from water was
studied by Huong et al. (2016). Removal of nitrophenols
from aqueous solutions using cationic B-cyclodextrin-
modified zeolite as an adsorbent was investigated by
Xiaohong et al. (2011) and using magnetic porous
silica-graphene oxide hybrid composite by Liu et al.
(2016). Zermane et al. (2010) modified hydroxyiron-Mt
with cetyltrimethylammonium bromide (CTAB) and
showed that the newly developed sorbent can remove
both basic dye yellow 28 and PNP, and the presence of
yellow 28 enhanced the uptake of PNP. Several authors
have studied organically modified clay minerals (domi-
nantly Mt) and their use for the removal of a wide
variety of contaminants, including hydrophobic organic
contaminants, heavy-metal cations, radioactive nuclides,
etc. (Zhu et al. 2016).

In most research, cationic surfactants are used to produce
organoclay sorbents, but, as an alternative, nonionic surfactants
can be used. The main difference between cationic surfactants
and nonionic surfactants is not only charge, but also low toxicity
and potential biodegradability (Shen 2001). The present research
focused on development of nonionic organoclay using 4-
methylmorpholine N-oxide and dimethyldodecylamine N-oxide,
comparing them to raw Mt clay, natural clay samples, and
cationic organo-clays. The sorption properties of sorbent mate-
rials were studied by focusing on an organic pollutant — PNP.

MATERIALS AND METHODS

Materials and Chemicals

The following natural and manufactured clay samples were
used in the experiments: (1) natural smectite-dominated clay of
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Triassic age from the Saltiski deposit (Saltiski, Lithuania) —
further labeled as T clay; (2) clay mixed with organic matter of
Jurassic age from the Legernieki deposit (Nikrace, Latvia) — J
clay; and (3) montmorillonite K 10 industrially produced clay,
purchased from Sigma-Aldrich (Taufkirchen, Germany) — Mt
clay.

The T clay contained mostly smectite-group minerals
(66%) in the <0.001 mm fraction. The J clay was a mixture
of equal amounts of illite-smectite, illite, smectite, chlorite, and
kaolinite with admixture of ancient organic matter (3%); the
amount of clayey fraction (<0.001 mm) varied between 15%
and 20%. The Mt clay consisted mainly of montmorillonite
(65%) with specific weight 300-370 kg/m® and surface area
220-270 m*/g (according to the product’s specification). The
cation exchange capacities (CEC) of the Mt clay, T clay, and J
clay were: 0.50 +0.03 mmol/g, 0.33 +0.03 mmol/g, and 0.25
+0.02 mmol/g, respectively.

The PNP (C4HsNO3) used for sorption experiments was
provided by Alfa Aesar (Haverhill, Massachusetts, USA). Two
types of surfactants which operated as examples of nonionic and
cationic surfactants, respectively: (1) dimethyldodecylamine N-
oxide (DDAO, C;4H3;NO, M =229.40 g/mol), 4-
methylmorpholine N-oxide (NMO, CsH;;{NO,, M=117.15 g/
mol); and (2) benzyltrimethylammonium chloride (BTMAC,
Ci,oH;¢CIN, M=185.69 g/mol) and
dodecyltrimethylammonium chloride (DTAC, C;sH34CIN,
M=263.89 g/mol) were purchased from Sigma-Aldrich
(Taufkirchen, Germany). All solutions were prepared using high
purity deionized water (15 M) cm) obtained with a Millipore
Elix 3 (Billerica, Massachusetts, USA) purification system.

Method of Clay Modification

Raw clay samples were saturated with sodium ions (Na*)
by stirring 100 g of clay with 1 L of 0.5 M NaCl solution at
60°C for 24 h. Subsequently, the Na*-saturated clay sample
was washed three or four times with deionized water until
chloride ions were not detected by addition of 0.1 M AgNO3;
then the sample was dried in a Gallenkamp Plus II Oven
(London, UK) at 60°C overnight. Such treated clay samples
were labeled as Mt Na, J Na, and T Na, respectively.

Modification of the Na*-saturated clay samples for the
preparation of organoclays was performed as follows: 10 g of
Na*-saturated clay sample was dispersed in 400 mL of deion-
ized water using a Jenway 1000 hotplate/stirrer (Stone, Staf-
fordshire, UK) for 30 min. A selected amount of each surfac-
tant was dispersed in 100 mL of deionized water and stirred for
30 min. Dissolved surfactant was added slowly to the clay
suspension at 60°C. The mixtures were stirred for 24 h at 60°C.
The suspension was then washed several times with deionized
water until no chloride ions were detected by addition of 0.1 M
AgNO:s, filtered, dried at room temperature, and dried at 60°C
overnight. Dried organoclays were triturated in an agate mortar
and stored in a desiccator.

The BTMAC-modified Mt clay samples obtained were
labeled as Mt BTMAC 0.5, Mt BTMAC 1, Mt BTMAC 2,
and Mt BTMAC 3, where the number means the proportion
of added surfactant/CEC; and the corresponding weight of the
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surfactant was calculated using the following equation:

mg = meCEC107QcpeM (2)
where m; is mass of the surfactant (g), m, is mass of the
clay sample used (g), CEC is cation exchange capacity
of the clay samples used (mmol/g), Ocgc is the propor-
tion of surfactant added/CEC, and M is molecular
weight of the surfactant (g/mol).

Characterization Methods of OrganoClay Sorbents

The modified clay materials obtained were characterized
by X-ray diffraction (XRD), Brunauer-Emmett-Teller surface
area analysis (BET method), Fourier-transform infrared spec-
troscopy (FTIR), and scanning electron microscopy (SEM).
The XRD data describing the mineralogy of sorbents were
collected using a Bruker D8 Advance diffractometer (Billerica,
Massachusetts, USA) using CuK« radiation. Surface area
measurements were performed using a Micromeritics Gemini
2360 surface area and porosity analyzer (Norcross, Georgia,
USA). The FTIR spectra were recorded using a Shimadzu IR-
Tracer 100 spectrophotometer (Kyoto, Japan). The SEM im-
ages were obtained using a scanning electron microscope FE-
SEM Hitachi S4800 (Tokyo, Japan).

Sorption Experiments

Sorption experiments were carried out to investigate the
sorption capacity of raw and modified clays for the removal of
PNP from aqueous solutions. For the sorption-isotherm studies,
0.3 g of a prepared sorbent material (organo-clays) was placed in
a 100 mL glass vessel and supplemented with 20 mL of PNP at a
concentration of 5, 10, 15, 20, or 25 mg/L. The mixture was
agitated continuously on a multi-functional orbital shaker Biosan
PSU-20i (Riga, Latvia) for 24 h at room temperature. After
shaking, the mixture was centrifuged at 3000 rpm for 12 min
and the supematants were analyzed using a UV-Vis spectropho-
tometer (Shimadzu UV 1800, Kyoto, Japan) at 318 nm.
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To undertake the sorption kinetics studies, 0.3 g of each of
the sorbents (Mt DDAO 2 and T DDAO 2) was added to
20 mL of PNP solution (25 mg/L). The mixtures were agitated
for 10—60 min with 10 min intervals and for 120-360 min with
60 min intervals. The pH of the PNP solution was adjusted to
values ranging from 2 to 12 by adding either 0.1 M HCI or
NaOH.

The quantity of the PNP sorbed on the organoclays was
calculated using the following equation:

(Ci_ce)
ge ==Ly G)
where ¢, is the amount of PNP sorbed on the sorbent (mg/g), C;
and C, are initial and equilibrium liquid-phase concentrations
of PNP (mg/L), respectively, v is the volume of solution (mL),
and m is mass of sorbents used (g).

RESULTS AND DISCUSSION

Characterization of Organoclay Sorbents

XRD  X-ray diffraction patterns for clay sorbents modified
with various proportions of BTMAC/CEC of Mt clay (Fig. 1a)
revealed that the dy, peak for the Na-exchanged montmorillon-
ite at 1.34 nm shifted to greater values as a result of the exchange
of Na* ions with surfactant cations. For clay samples that were
treated with surfactant/CEC ratios of 0.5, 1.0, 2.0, and 3.0, the
interlayer distances increased by 0.17, 0.17, 0.18, and 0.18 nm,
respectively (Table 1). Cation exchange by the other surfactants
yielded a maximum increase in interlayer distance also with a
surfactant/CEC ratio of 2.0, and did not change significantly
when the surfactant concentration was increased.

Clay modification with the various surfactants at a
surfactant/CEC ratio of 2 showed clearly an increase in the
doo1 spacing in every case (Fig. 1b, Table 1), indicating a
successful intercalation by the organic molecules. The largest
increase in interlayer spacing occurred with surfactant DDAO

Intensity (a.u.)

Mt_DDAO_2

Mt_BTMAC_2

Mt_DTAC_2

Mt_NMO_2

2 5 10 15 20
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Fig. 1 XRD patterns of (a) Mt clay modified with BTMAC at various surfactant/CEC ratios and (b) modified with various surfactants at a

surfactant/CEC ratio of 2.0
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Table 1 Interlayer spacing of raw Mt clay and modified with
various surfactants

Sample door  Interlayer Interlayer space
(nm) spacing (nm)  expansion (nm)

Mt 1.34  0.38 -

Mt BTMAC 0.5 1.51 0.55 0.17

Mt BTMAC 1 1.51 0.5 0.17

Mt BTMAC 2 1.52 0.56 0.18

Mt BTMAC 3 1.52 0.56 0.18

Mt NMO 2 1.38 042 0.04

Mt DTAC 2 144 048 0.10

Mt DDAO 2 1.80 0.84 0.46

(0.46 nm), whereas a smaller change was observed with NMO
(0.04 nm). These changes can be explained by the length of the
surfactant alkyl chain (n., number of carbon atoms) (He et al.
2014). In the case of NMO, the value of . is 5, which is short
compared to DDAO where 7, is almost three times longer at
14. In these organoclay samples, the alkyl chains of NMO,
DTAC, and BTMAC formed only one parallel layer in the
interlayer, as the basal 001 reflection was <1.5 nm, while in the
case of DDAO, the alkyl chains were ordered in two parallel
layers between the montmorillonite plates, indicated by the
basal 001 reflection at 1.80 nm (Fig. 1a, b, Table 1) (Yariv &
Cross, 2002; Zhu et al. 2007; Zhang et al. 2015).

Specific Surface Area Measurements  Modification
products were characterized also by their specific surface area,
as this parameter is often used for sorption interpretation
(Haydar et al. 2003). The specific surface area of Mt clay
decreased from 245.88 m*/g (according to the one-point meth-
od) to 231.10 m%/g and 218.42 m*/g after treatment with 0.5
and 3.0 BTMAC/CEC ratios, respectively (Table 2). Similar
results were achieved also in other studies (Zhou et al. 2008;
Wu etal. 2012; Park et al. 2013; Parolo et al. 2014; Zhang et al.
2015).

Surfactant intercalation not only obstructs the clay
mineral interlayer space, but also arranges a monolayer
on the outer surface, creating a ‘house of cards struc-
ture,” occupying pores among the clay particles. This
process results in a reduction of pore size and molecular
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nitrogen adsorption, thus decreasing reported values via
BET of the specific surface area with an increasing
degree of modification (Parolo et al. 2014; Zhang
et al. 2015). As for clays treated with surfactants, the
interlayer space is increased significantly; one might
assume, therefore, that the specific surface area and pore
size are not determining factors for the improvement of
sorption capacity (Park et al. 2013; Zhang et al. 2015).

FTIR  The functional groups and structural changes in clay
after modification were determined by infrared spectroscopy.
The characteristic bonds of montmorillonite that appear at
3621 cm ' as a sharp peak are assigned to OH-stretching vibra-
tions of the structural OH group in the clay, whereas the broad
band at 3428 cm ™ is ascribed to hydrogen-bonded water mole-
cules adsorbed within the interlayer space of the clay (Zhang
etal. 2015). The bands at 1040 cm™" and 920 cm ™" indicate the
Si—O and A-O bending vibrations (Zhou et al. 2011). The bands
of quartz at 798 em’!, 515 cm !, and 460 cm! are typical
bending vibrations of O-Si—O (Alkaram et al. 2009).

After modification of Mt clay with surfactants, a pair of
strong bands at 2930 cm ™! and 2854 cm™" was observed which
is assigned to the asymmetric and symmetric stretching vibra-
tions of the methylene groups (CH,), and their bending vibra-
tions were detected at 1466 cm™! (Fig. 2) (Alkaram et al. 2009;
Zhou et al. 2011; Wu et al. 2012; Zhang et al. 2015). These
observations of the changes in the IR spectra confirmed the
presence of surfactant molecules in Mt clay modified with
BTMAC, DTAC, and DDAO.

SEM  Trregular crystal morphology was observed for Mt
clay (Fig. 3a). The surface of the particles was rough and the
presence of a layer structure was revealed (Fig. 3b). Compared
with Na clay, the SEM images showed similar irregular
morphology, but in the case of Mt BTMAC 2 aggregates
were smaller (Fig. 3g, h). Although, in samples Mt NMO 2
(Fig. 3¢, d), Mt DTAC 2 (Fig. 3e, f), and Mt DDAO 2 (Fig.
31, j), particles were bound into larger agglomerations.

Studies of removal of p-nitrophenol
Effect of Surfactant Loading  Experimental results re-

vealed that the sorption capacity of Mt clay for PNP was
negligible (Fig. 6), but after modification of Mt clay with

Table 2 Specific surface area (by the BET method) of raw Mt clay and modified with BTMAC at various surfactant/CEC ratios

Sample Multi-point method (m?*/g) One-point method (m*/g) According to the Langmuir isotherm (m?*/g)
Mt 252.03 245.88 423.24
Mt Na 262.16 256.04 439.76
Mt BTMAC 0,5 238.41 231.10 402.05
Mt BTMAC 1 236.98 229.52 399.95
Mt BTMAC 2 235.75 228.79 396.78
Mt BTMAC 3 224.46 218.42 376.58
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Fig. 2 FTIR spectra of Mt clay and modified with various surfactants at a surfactant/CEC ratio of 2.0

BTMAC the sorption capacity increased under a surfactant/
CEC ratio of 2 (Fig. 4). The sorption capacities of the newly
developed materials for PNP at surfactant/CEC ratios 0.5, 1.0,
and 3.0 were relatively small (Fig. 4), however. Modification
with natural clays and other surfactants was made, therefore, at
a surfactant/CEC ratio of 2; these results indicated that the
sorbed amount of PNP depends strongly on the amount of
loaded surfactant and its distribution. Other studies (Zhou et al.

3mm x5.00k SE(M) 10.0um

2008; Park et al. 2013) showed that, when surfactant loading is
less than the CEC of the clay, surfactants replace the exchange-
able cations in the interlayer space on montmorillonite. When
surfactant loading exceeds the CEC of the clay, the surfactants
occupy both the clay interlayer and the external space. There-
fore, PNP sorption occurs not only due to hydrophobic inter-
action, but also through electrostatic interaction. While loaded
surfactant molecules attract the dissociated PNP molecules

100um [l S4800 3.0kV 7.4mm x5.00k SE(M) 10.0um

Fig. 3 SEM images of (a, b) Mt clay, (¢, d) Mt NMO 2, (e, f) Mt DTAC 2, (g, h) Mt BTMAC 2, (i, j) Mt DDAO 2

https://doi.org/10.1007/s42860-019-00015-2 Published online by Cambridge University Press


https://doi.org/10.1007/s42860-019-00015-2

Clays and Clay Minerals 137
0.20 1 . ¢ Mt_BTMAC_3 (exp)
/ A Mt BTMAC 2 (exp)
/ A X Mt BTMAC_I (exp)
o Mt BTMAC_0.5 (exp)
0.15 A / - + = Mt BTMAC_3 (model)
/ —— =Mt BTMAC_2 (model)
A / -------- Mt_BTMAC_I (model)
P Mt BTMAC 0.5 (model)
I /
&0 .10 4
E s
= s
7 . X
D esesssses ..---"'-.- N ———
* 5
O
0.00 T T T T T ]
0 5 10 15 20 25 30

C.(mg/L)

Fig. 4 Comparison of PNP sorption for Mt clay modified with BTMAC at various surfactant/CEC ratios (experimental conditions: initial PNP
concentration = 5-25 mg/L, pH = 7, contact time = 24 h at room temperature)

through hydrophobic interaction, dissociated PNP anions bind
to surfactant cations on the external surface of the clay through
electrostatic interactions.

Effect of Initial Solution Concentration  The initial
concentration of PNP in the range 5-25 mg/L influenced
the sorption of PNP on the modified clay materials at a
surfactant/CEC ratio of 2 at room temperature and pH 7
(Figs. 5, 6 and 7). Initial increase in the PNP concentration
resulted in an extended PNP sorption by modified clay
materials. In the case of Mt NMO 2, however, this

relationship was not observed, because sorption was small
(~0.02 mg/g) (Fig. 5). The largest PNP sorption capacity was
observed on Mt DDAO 2 (0.36 mg/g) when the PNP con-
centration was 25 mg/L (Fig. 6). X-ray diffraction results
(Fig. 2, Table 1) indicated that the largest interlayer space can
be linked to the efficacy of PNP sorption (Park et al. 2013).
The sorption capacity of Mt clay modified with DDAO was
>18 times greater than that of raw Mt clay and three times
greater than Mt Na (Fig. 6). Due to the large size of hydrated
Na* ions (Zhu et al. 2014), the interlayer space during
penetration was increased significantly, thus improving
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Fig. S Comparison of PNP sorption for modified Mt. clay with various surfactants at a surfactant/CEC ratio of 2.0 (experimental conditions: initial
PNP concentration = 5-25 mg/L, pH =7, contact time = 24 h at room temperature)
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Fig. 6 Comparison of PNP sorption for raw Mt clay, Mt Na, and modified with DDAO at organic phase loading of 2.0 (experimental conditions:
initial PNP concentration = 5-25 mg/L, pH = 7, contact time = 24 h at room temperature)

sorption of organic molecules (Zhou et al., 2008). A larger
BET specific surface area also was determined for samples
treated with Na* ions (Table 2).

According to results obtained previously, natural clay
was modified with DDAO at a surfactant/CEC ratio of
2. For natural, unmodified clays the sorption capacity
was very small when the PNP concentration in the
solution was 5 to 25 mg/L (Fig. 7). The greatest PNP
sorption capacity was observed on T _DDAO 2, i.e.
0.15 mg/g, when the PNP concentration was 25 mg/L.

J clay modified with DDAO sorbed almost no PNP (on
average 0.0072 mg/g); therefore, this material was ex-
cluded from sorption experiments in which the effect of
pH and contact time were estimated.

Effect of Contact Time  The PNP sorption rate was high
at the beginning of the experiment (Fig. 8) because sorption
sites were initially abundant and PNP molecules were easily
sorbed on those sites. The sorption capacity of the PNP onto
Mt DDAO 2 and T DDAO 2 reached a maximum within
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Fig. 7 Comparison of PNP sorption for J clay and T clay modified with DDAO at organic phase loading of 2.0 (experimental conditions: initial
PNP concentration = 5-25 mg/L, pH =7, contact time = 24 h at room temperature)
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60 min, after which no substantial changes were observed.
This can be explained, in part, by the reduced number of
available vacant sorption sites and increased contact time
(Zhang et al., 2015).

Effect of pH  The effect of pH on PNP removal was inves-
tigated in the pH range 2 to 12 with the initial concentration of
PNP of 25 mg/L at room temperature. High removal efficiency
was obtained in an acidic environment (pH 2 to 4) for
T DDAO 2 and from pH 2 to 6 for Mt DDAO 2 (Fig. 9).
When the pH exceeded 6, the removal efficiency decreased
significantly. Similar results were reported by other scientists
(Zhou et al. 2008; Luo et al. 2015; Zhang et al. 2015; Park
et al., 2013) and were explained by the clay surface charge and
dissociation level of PNP. PNP is poorly soluble in water in
acidic conditions with a dissociation constant (pK,) of 7.15;
when the pH is below pK, (pH <pK,), PNP may be a neutral
molecule, but when pH is greater than the pK, (pH > pK,), PNP
can exist as an anion. Based on the PNP dissociation conditions,
sorption onto modified clay materials is more efficient when PNP
is a neutral molecule. In acidic environments, a surfactant inter-
calated in the clay interlayer space provides effective environ-
mental pollution removal due to Van der Waals forces and
hydrophobic effects. When the solution is alkaline, PNP sorption
decreases due to electrostatic repulsion forces between the neg-
atively charged clay particles and PNP anions.

Sorption Isotherms

In this study, Langmuir and Freundlich isotherms were
used to describe the relationship between the amount of sorbed
PNP and its equilibrium concentration in the solution at room
temperature and pH 7.

The Langmuir isotherm assumes that sorption occurs at
specific homogenous sites on the surface of a sorbent. When
a site is occupied by a sorbate molecule, no future sorption can

139

occur at this site. The Langmuir isotherm is expressed by the
following equation:

_ qmax.KL'Ce (4)
9 1 +KiCe
where g, 18 the theoretical monolayer capacity (mg/g), Ky is
the Langmuir equilibrium constant (L/mg) related to the affin-
ity of binding sites, and C, is the equilibrium solution concen-
tration (mg/L) (Langmuir, 1918).

One of the essential characters of the Langmuir isotherm
can be expressed by a dimensionless constant called the
equilibrium parameter (Ry) and which is defined by the
following equation:

1

Rl=—
L 1+ K -Cy

(5)

where Cj is the highest initial PNP concentration (mg/L) and
the value of Ry indicates whether sorption will be favorable
(0 <R < 1), unfavorable (Ry > 1), irreversible (R =0), or
linear (R;, = 1) (Weber & Chakravorti, 1974).

The Freundlich isotherm is an empirical equation based on
sorption on heterogeneous surfaces, and is given by the fol-
lowing equation:

q. = KF.C;./“ (6)
where K (L/mg) and n are Freundlich constants defining relative
capacity and sorption intensity, respectively (Freundlich, 1906).
The Langmuir and Freundlich isotherm constants and cor-
relation coefficients (R?) for the sorption of PNP onto modified
clay samples at a surfactant/CEC radio of 2 at a constant
temperature and pH values are presented in Table 3. The R®
values are >0.89 (Alkaram et al., 2009), indicating that both the
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Fig. 8 Effect of contact time on the sorption of PNP onto modified Mt. clay and T clay (experimental conditions: initial PNP concentration =

25 mg/L pH =7, at room temperature)
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Fig. 9 Effect of pH on the sorption of PNP onto modified Mt. clay and T clay (experimental conditions: initial PNP concentration =25 mg/L,

contact time =24 h at room temperature)

Langmuir and Freundlich isotherms can describe sorption data
adequately. However, in the case of Mt BTMAC 2, R? is
< 0.89, meaning that sorption cannot be described adequately
by these isotherms. The suitability of the two isotherm models
for the systems investigated indicates that both monolayer and
multilayer sorption exist under the experimental conditions
studied. The sorption of PNP onto these surfaces is thus
complex, involving more than one mechanism (Febrianto
et al. 2009). Similar results have been reported by Ko et al.
(2007) for the sorption of PNP by organo-modified montmo-
rillonite clay.

The Freundlich parameters n and Ky reflect the sorption
intensity of PNP and the binding affinity constant and provide
information about the sorption mechanism. The value of n ob-
served for sorption of PNP solution is >1 (n> 1) and this indi-
cated that the sorption of PNP onto the clay samples was effec-
tive over the entire range of concentrations, and sorption is
determined by physical processes (Alkaram et al. 2009; Park
et al. 2013). The largest value for the binding affinity constant,

Kg, was obtained in the sorption of PNP on the Mt DDAO 2
sample and it fitted well with the experimental data.

In the Langmuir model, the values of K; were 0.0340,
0.0367 and 0.1306, 0.1096 for Mt BTMAC_2, Mt DTAC 2
and Mt DDAO 2, Mt NMO 2, respectively. K; values indi-
cated that the affinity of binding sites for PNP increased when
clay samples were treated with nonionic surfactants. Ry values
ranged between 0 and 1; this also suggested that sorption of
PNP by modified clay samples was favorable (Luo et al. 2015).

CONCLUSIONS

Organoclays prepared by intercalating cationic or nonionic
surfactants are able to interact with organic molecules of a
different polarity and serve as immobilizers for organic mole-
cules and toxicants, e.g. phenols and nonionic organic com-
pounds (NOCs). The sorbents developed revealed significantly
improved performance in comparison to their unmodified
counterparts, with a significant increase in p-nitrophenol

Table 3 Parameters of Langmuir and Freundlich isotherms for sorption of PNP onto modified clay samples at surfactant/CEC ratio of 2

Sample Langmuir Freundlich
Gmax (MYg) K; (L/mg) R, R? n Ky (L/mg) R?

Mt BTMAC 2 0.34 0.0340 0.5408 0.2424 1.82 0.0248 0.6809
Mt DTAC 2 0.63 0.0367 0.5214 0.8964 1.32 0.0287 0.9657
Mt DDAO_2 0.50 0.1306 0.2345 0.9895 2.03 0.0864 0.9865
Mt NMO 2 0.04 0.1096 0.2673 0.9818 1.95 0.0064 0.9977
T DDAO 2 0.19 0.1500 0.2105 0.9921 245 0.0423 0.9815
J DDAO 2 0.02 0.0596 0.4017 0.891 1.53 0.0015 0.9548
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(PNP) sorption capacity up to 25 and 30.5 times in the cases
Mt DDAO 2 and Mt DTAC 2, respectively. For a modified
natural smectite dominated Triassic clay (T clay) and a mixed-
content clay containing organic matter (J clay), sorption ca-
pacity with respect to PNP in aqueous solution significantly
increased. The pH level dominates the efficiency of PNP
sorption — an acidic environment promotes sorption for all
modified clays, e.g. T DDAO_2 was the most efficient within
pH 24 and Mt DDAO _2 within pH 2-6. The hypothesis that
organoclays are more efficient sorbents than raw clays has
been proved; furthermore, organoclays based on natural mont-
morillonite may be used for the removal of PNP, but with less
efficacy than manufactured montmorillonite. Further studies
must be performed to reveal improved properties in order to
benefit wastewater treatment engineering and environmental
remediation.
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