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ABSTRACT: The assessment of the potential impact of
engineered carbon nanotubes on the removal of synthetic
chemical contaminants (e.g., pesticides, pharmaceuticals, and
chemical reaction products) from aqueous solutions has
become an increasingly important aspect of environmental
research. This study has focused on the interaction of the
reaction product of formaldehyde (FA) with 2,4-dinitrophe-
nylhydrazine (2,4-DNPH) with multiwalled carbon nanotubes
(MWCNTs) and quartz sand under static and dynamic
conditions. Several batch adsorption experiments were
conducted in test tubes, under controlled conditions and at
laboratory room temperature (23 °C). The experimental
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results suggested that FA—(2,4-DNPH) has a low affinity for quartz sand but an enhanced potential for adsorption onto small
quantities of MWCNTSs. FA—(2,4-DNPH) adsorption onto quartz sand and MWCNTSs was more pronounced under dynamic
than static conditions, probably due to agitation improved mixing of the absorbent within the solution. The collected adsorption
data were adequately described by a pseudo-second-order kinetic model and intraparticle diffusion model. On the basis of root-
mean-square error (RMSE) values, better fitting of experimental data was achieved with the Weber-Morris intraparticle
diffusion model. Our findings suggested that a rapid surface chemisorption of FA—(2,4-DNPH) onto available adsorption sites
of sand and MWCNTSs, followed by a slower intra-aggregate diffusion of FA—(2,4-DNPH) onto interstitial spaces of entangled
MWCNTs, occurred. The observed FA—(2,4-DNPH) removal by combined MWCNTs and quartz sand was 78.1%. Thus,
MWCNT s could be promising adsorbent materials for removal of complicated organic compounds from aqueous solutions and

for groundwater remediation.

1. INTRODUCTION

Formaldehyde (FA), with molecular formula CH,O, is ranked
among the most commonly manufactured and among the most
frequently occurring organic chemical compounds in the
environment."” The use of FA in many industrial fields, such
as in the petrochemical industry, furniture industry, aqua-
culture industry, tannery industry, adhesive manufacturing,
glue and paper manufacturing, cosmetic industry, and textile
and wood processing’ ® as well as in clinical anatomy
laboratories as a preservative for cadavers and organs,’
enhances its potential for environmental release through
mixed and industrial liquid effluents.”*~'® Note that conven-
tional biotreatment of liquid wastes containing high concen-
trations of FA (800—1500 mg/L) is practically impossible
because FA inhibits the action of microorganisms or may even
cause their death.”®'! In addition, its high water solubility and
low partition coefficient (log K, = 0.35) suggest that the
potential for adsorption of FA onto suspended sediments in
aqueous environmental systems is low. Thus, dissolved FA
present in effluents from sewage treatment plants or in other
aqueous solutions is expected to infiltrate into the soil and,
subsequently, may contaminate surface and ground waters.
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The maximum acceptable FA concentration threshold that
can be assimilated from an aquatic environment without
disturbing its ecosystem balance is 1.61 mg/L.”'* FA has been
classified as a human carcinogen by inhalation, but not via the
oral route (Carcinogenity category 1B), and as a probable
mutagenicity-involved substance (Mutagenicity category
2)."*"* However, FA is not included on the guideline lists of
the International Conference on Harmonisation (ICH), and
thus, its threshold value has not been established. On the basis
of the health guidelines and the criteria for water quality
proposed by the US Environmental Protection Agency (EPA),
the FA maximum daily dose reference is approximately 0.2
mg/kg, while a value of 0.35 mg/L (or one-day exposure at 10
mg/L) in drinking water is considered to be acceptable."

Given that numerous FA-related negative health effects
exist,'* it is of vital importance to quantify FA in water
samples. Unfortunately, FA determination and quantification
in aqueous solutions is not a trivial task. Analysis of FA using
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mass spectrometry or gas chromatography is a difficult task
because FA molecules are not easily ionizable.'” Among the
available analytical approaches, which have been developed for
the detection of FA,"”"**" high-performance liquid chroma-
tography (HPLC) is considered to be the most convenient
method.'”**~**

The HPLC-based analytical determination of FA is achieved
through the derivatization reaction of FA with 2,4-
dinitrophenylhydrazine (DNPH) reagent, with molecular
formula C;H¢N,O,, to form methanol 2,4-dinitrophenylhy-
drazone, a yellow derivative, which can be observed
spectrophotometrically.””~*” The reaction equation is CH,O
+ C¢HN,0, —» CHN,O, + H,0. An unfortunate but
inevitable consequence of the chemical derivatization process
of FA is the production of hazardous HPLC wastes in liquid
form, consisting of the derivatives mixed with flammable, toxic,
and volatile organic solvents such as acetonitrile, hexane,
methanol, methylene chloride, ethyl acetate, and trifluoroacetic
acid. Because HPLC is a widely applied analytical separation
and quantification technique, production of large quantities of
hazardous wastes is expected. Disposal of these wastes is often
highly regulated.”®*” However, our understanding of the
environmental behavior of these potentially harmful chemicals
and their effects on human health remains limited. Although
many of the currently available laboratory HPLC waste
collection and management techniques are designed to protect
against spills and leaks, they do not provide a completely safe
work environment.”

Among the various physicochemical techniques available for
the removal of organic contaminants from aqueous solutions
(e.g, catalytic and photocatalytic degradation,” ™" ion
exchange, reverse osmosis, and stripping), adsorption remains
the predominant process due to its effectiveness, simplicity in
application, and low cost.>® The most frequently used
adsorbents in filtration systems are quartz sand, clay minerals
(e.g., zeolite, montmorillonite, and kaolinite), molecular sieves,
resins, silica gels, and bioadsorbents®” as well as carbon-based
materials like activated carbon (AC).*” However, the allotropic
nanoscale carbon materials (e.g., graphene, single- and
multiwalled carbon nanotubes, and fullerenes) are currently
receiving substantial attention.”' ~*

Among the available synthetic nanomaterials, multiwalled
carbon nanotubes (MWCNTs), consisting of multiple super-
imposed layers of graphene sheets rolled up into concentric
hollow cylinders, have attracted special industrial and
commercial interest.*"** Due to their structure and dimension-
ality, MWCNTSs possess enhanced physicochemical®® and
electrical”’ = properties, thermal stability,”" and mechanical
strength.””~> Consequently, MWCNTSs are often used in
various fields, including reinforced composites, renewable
energy technologies,56 optoelectronics,57_59 the food industry,
and cosmetics, as well as in medical and biomedical
applications.”*~*

Due to their structural cavity, extremely small sizes, high
specific surface area, and chemically inert surfaces, MWCNTSs
can strongly interact with organic pollutants.”* The porous
nature of MWCNT's enhances their adsorbent potential for the
removal of a wide range of molecular organic pollutants from
contaminated liquids. Note that MWCNTs are considered as
very effective new carbon-based adsorbents in environmental
pollution management65 and wastewater treatment,**°° as well
as in environmental protection and remediation.®”%®

Many theoretical and experimental studies have focused on
the interaction of CNTs with Gpollutants such as 7polycyclic
aromatic hydrocarbons (PAHs),"” dioxin,” fluoride,”" nicotine
and tar,”” trihalomethanes,” tetracycline,74 sulfonamide anti-
biotics,”* and dyes,**”%”” highlighting the strong adsorption
capacity and efliciency of MWCNTs.

Thus, new improved filtration techniques based on advanced
nanomaterials like MWCNTSs could be developed for both
laboratory and field scale applications, in order for large
volumes of produced hazardous organic wastes, like HPLC
produced waste, to be managed and disposed of without
significant health or environmental implications.

To our knowledge, the interaction of FA—(2,4-DNPH)
solution with multiwalled carbon nanotubes has not been
explored in any previous studies. In this work, kinetic batch
experiments were conducted under static and dynamic
conditions in order to study the adsorption behavior of FA—
(2,4-DNPH) onto quartz sand, MWCNTs, and quartz sand
mixed with carbon nanotubes. The effect of contact time and
type of adsorbent was examined. The two types of adsorbent
used were unmodified multiwalled carbon nanotubes (NTX1)
and quartz sand. Quartz sand, consisting mainly of SiO,
(96.2%), was employed in this study due to its wear resistance
and stability of its chemical properties.

2. MATERIALS AND METHODS

2.1. Formaldehyde—DNPH Solution. A dense (1000
mg/L) FA stock solution was prepared by adding 124 uL of
FA (37 wt %) solution to a SO mL volumetric flask and diluting
to volume with ultrapure water. All standard working solutions
were prepared by diluting the stock solution with ultrapure
water to the appropriate concentration. The stock solutions
were stored in the dark at 4 °C until use.”® A DNPH solution
(0.1 mg/L) was prepared by dissolving 5.15 mg of 2,4-
dinitrophenylhydrazine reagent (97%) into a S0 mL volumetric
flask containing approximately 10 mL of acetonitrile (ACN).
After sonication for 3 min, in order to achieve proper
dissolution of the reagent, the solution was diluted to volume
with ACN. The reaction of FA with DNPH was facilitated in
an acidic environment.”* Thus, a 5 N phosphoric acid solution
was prepared by adding 195 uL of H;PO, (85%) with a piston
pipet into a 50 mL volumetric flask and diluted to volume with
ultrapure water. The standard reagent of the 2,4-dinitrophe-
nylhydrazone derivative of FA used for quantification was
synthesized according to a previously developed method."” To
a suitable vial, 1 mL of 0.1 mg/L FA standard solution, 20 uL
of S N H;PO,, and 200 uL of 2,4-DNPH solution were added.
The resulted mixture was stirred on a shaker for at least 30
min. All reagents used in this study were purchased from
Sigma-Aldrich, St. Louis, USA.

All analytical concentration determinations were performed
on an HPLC system (Shimadzu Corporation, Kyoto, Japan),
equipped with a diode array detector (DAD) and two solvent
delivery pumps. An Ultrasphere S ym ODS column (250 X 4.6
mm, Hichrom) was used to separate the target analytes at 30
°C. The mobile phase was acetonitrile and water in the ratio of
80:20 v/v, at a flow rate of 1.0 mL/min. The injection volume
was 20 uL, and detection wavelength was set at 360 nm. The
total analysis time was 4 min.

To a suitable vial, 1 mL of 10 mg/L FA solution, 20 uL of 5
N H;PO,, and 20 mL of 2,4-DNPH solution were added. The
mixture was stirred for 30 min. The concentration of the
standard FA—(2,4-DNPH) solution was 10 mg/L, from which
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various calibration FA—(2,4-DNPH) solutions of lower
concentration (0.1, 0.5, 1, 2, and S mg/L) were prepared by
dilution. Then, 20 uL of each calibration solution was injected
in HPLC in duplicates, and a calibration curve was obtained by
liner regression of the peak area of FA—(2,4-DNPH) versus
concentration. The regression equation obtained was

Cra_(2,4-pnpH) = 2:231 X 107 (area) — 0.0526 1)

where Cgs_(34.pnpn) [mg/L] is the FA—(2,4-DNPH) concen-
tration and area is the peak area of FA—(2,4-DNPH). The
correlation coefficient was 0.999.

2.2. Quartz Sand. Quartz sand (Filcom Filterzand & Grid,
Netherlands) was employed in this study because this mineral
is widely used in water filtration techniques. The main
chemical component of the examined sand was SiO,
(96.2%). The grain diameter of the quartz sand used ranged
from 0.425 to 0.600 mm (sieve no. 30/40). The uniformity
coefficient (C,), the specific gravity, and the bulk density of the
quartz sand were 1.21, 2.6 g/cm’, and 1.6 g/cm’, respectively.
The specific surface area (SSA) of the quartz sand used was
estimated to be 73.2 cm?/ g. On the basis of the Walkley-Black
method,”® the content of the total organic carbon (TOC) of
the sand was estimated to be equal to 0.1 + 0.1%. The quartz
sand was thoroughly cleaned with 0.1 M nitric acid (HNO,,
70%) for 3 h to remove surface impurities (e.g, metal
hydroxides and organic coatings), rinsed with distilled
deionized water (ddH,0), then soaked in 0.1 M NaOH for
3 h, and rinsed with ddH,O again.”” Subsequently, the sand
was sterilized and dried at 80 °C overnight and then stored in
screw cap beakers until use in batch experiments.

2.3. Multiwalled Carbon Nanotubes (MWCNTs). High
carbon purity (>97%) pristine MWCNTs (NTX1), produced
by catalytical chemical vapor deposition, with outer diameter
in the range of 15—35 nm and length of >10 mm, were
purchased from NanothinX S.A. (Patras, Greece). According
to the manufacturer, the amorphous carbon content was less
than 1%, metal impurities content was approximately 3%, and
the bulk density of the product was 0.167 g/cm®. On the basis
of the BET (Brunauer, Emmett and Teller) method, the
specific surface area (SSA) of MWCNTSs was estimated to be
205 m*/g.*" Moreover, the surface charge of the suspended
MWCNTs was measured with a zetasizer (Nano ZS90,
Malvern Instruments, Southborough, MA) as —13.5 mV +
3.16 mV, indicating a strong aggregation tendency. During the
batch adsorption experiments, the multiwalled carbon nano-
tubes were used in powder, pristine form as opposed to
suspended form.

2.4. Batch Experiments. Static and dynamic batch
experiments were performed in 20 mL Pyrex glass screw cap
tubes (Fisher Scientific), under controlled conditions at room
temperature using a FA—(2,4-DNPH) concentration of 9 mg/
L. Prior to each experiment, the glass tubes were washed with
detergent, rinsed thoroughly in ddH,O, autoclave sterilized,
and oven-dried at 80 °C overnight. Three different groups of
adsorption experiments were analyzed. For the first group, the
glass tubes contained 14 mL of FA—(2,4-DNPH) and 14 g of
quartz sand. For the second group, the glass tubes contained
14 mL of FA—(2,4-DNPH), 14 g of quartz sand, and 20 mg of
NTX1. For the third group, the glass tubes contained 20 mL of
FA—(2,4-DNPH) and 20 mg of NTXI. For each adsorption
experiment, 16 glass tubes were employed. All glass tubes were
filled to the top. For the dynamic batch experiments, the glass

tubes were attached onto a rotator (Selecta, Agitador orbit),
operated at 12 rpm, in order to allow the sand and MWCNTs
to better mix within the FA—(2,4-DNPH) solution. Total
duration of each experiment was 20 days (d). Supernatant
liquid samples of 2 mL were collected at preselected time
intervals (1 h, 2h,3h, 6 h, 12h, 24 h,2d,3d,5d,7d, 104,
12.d, 14 d, 16 d, 18 d, and 20 d) and centrifuged at 4000 rpm
or 2500g, for 15 min (Rotofix 32A, Hettich), to remove soil
particles and nanoparticles. Approximately 1 mL of the
supernatant was injected into the HPLC for analysis at 360
nm.

3. THEORETICAL CONSIDERATIONS

Although numerous adsorption kinetics models are available
(e.g, first-order, second-order, pseudo-first-order, pseudo-
second-order, and intraparticle diffusion), preliminary analysis
of the experimental data collected in this study suggested that
the pseudo-second-order and intraparticle diffusion models
were more applicable. Note that the intraparticle diffusion
model is used in this study to characterize intra—aggre§ate
diffusion. The pseudo-second-order model is expressed as:*"**

H\2
dCt* —k.(C* C*)? Cc¥ = (Ceq kPZt
d - pZ( eq  “t ) = t sk
t 1+ Cokpat 2)

where C% [mg/g] is the FA—(2,4-DNPH) concentration
sorbed onto the solid phase at equilibrium; C¥[mg/g] is the
FA—(2,4-DNPH) concentration sorbed onto the solid phase at
time £; k,,, [g/mg-d] is the rate constant of the pseudo-second-
order adsorption; t [d] is time. Typically, the applicability of
this model indicates that the prevailing step of the adsorption
mechanism (i.e, rate limiting step) is chemical sorption
between the adsorbed substance and the adsorbent. During
chemical interaction, it is possible that electron exchange or
valent forces take place between the adsorbed substance and
the adsorbent.®’ However, it should be noted that the pseudo-
second-order model is classified as an adsorption-reaction
model, derived from the kinetics of chemical reactions, which
examines the total adsorption process without consideration of
other possible intermediate adsorption steps (e.g., diffusion
through film, intraparticle diffusion, etc.).”’ The intraparticle
diffusion model examined in this study is known as the Weber-
Morris model and is expressed as follows:**~*°

1/2 *
intrapt + Cinters (3)

C =k
where  kigap [mg/g-d"/?] is the intraparticle diffusion rate
constant and Cf., [mg/g] is the intraparticle diffusion
constant (y-intercept), which is proportional to the boundary
layer thickness.*® According to Weber-Morris model, the
relationship between Cand t'/? indicates the existence of one
or more regulatory steps in the adsorption process. This model
is classified as the adsorption—diffusion model and assumes
that the adsorption mechanism consists of three main stages:
diffusion through the interface, diffusion through pores, and
intraparticle diffusion, with the slowest stage controlling the
process.”’ Generally, in batch processes, where the resistance
of the boundary layer is not restrictive, the regulatory steps are
usually diffusion through pores and intraparticle diffusion,
while in continuous processes the rate-limiting step is more
likely to be interface diffusion (i.e., film diffusion).®” When the
intraparticle diffusion is the sole rate-limiting step, the
regression between Cf and t'/2 is linear with slope Kintraps
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Figure 1. Adsorption of FA—(2,4-DNPH) onto (a, d) NTX1, (b, ) quartz sand mixed with NTX1, and (c, f), quartz sand, under (a—c) static and
(d—f) dynamic conditions for a time period of 20 days based on the pseudo-second-order kinetic model. Here, Cy = 9 mg/L at 23 °C.

passing through the origin. The formation of more lines of
different slope (ie., linear parts) suggests the existence of
different adsorption rates and that intraparticle diffusion may
not be the only controlling adsorption mechanism. In certain
cases, the total adsorption process can be controlled by either a
single step (e.g, film or external diffusion, pore diffusion,
surface diffusion, and adsorption to the surface of pores) or a
combination of more than one step.”®” Note that a positive y-
axis intercept indicates rapid adsorption rate in the early stages
of the adsorption process, while a negative y-axis intercept
reflects the impact of the existence of resistance during film
diffusion.®”**

The concentration of FA sorbed onto the sorbent at a
particular sampling time was calculated by the following
equation:

*_(CO_Ct)
== v )

where C, [mg/L] is the initial FA—(2,4-DNPH) concentration
in the aqueous phase; C; [mg/L] is the FA—(2,4-DNPH)
concentration in the aqueous phase at time ¢; V [L] is the total
volume of FA—(2,4-DNPH) solution added per vial; W [g] is
the adsorbent mass added in the glass tube. If more than one
adsorbent was used simultaneously, the above expression
provides the total mass adsorbed onto all of the adsorbents
used, as opposed to the mass adsorbed onto each adsorbent

separately. Furthermore, the FA—(2,4-DNPH) removal was
calculated by the following equation:
C,—-C
removal (%) = M X 100

Co ()

The root-mean-square error (RMSE) was used for adsorption
model discrimination. The RMSE represents the sample
standard deviation of the differences between values predicted
by a model and experimentally observed values (i.e., the square
root of the variance of the residuals or equivalently the spread
of the points about the fitted regression line), and it is
evaluated by the following equation:

RMSE = \/2:1:1 (Xexp,i

n (6)
where X,,; and X ,q; are the experimental and modeled
values at time i, respectively. RMSE has the same units as the
response variable. Lower RMSE values indicate better fit. Also,
RMSE is sensitive to outliers (i.e., observations that take on

extreme values compared to the majority of the data).*””

2
- Xmodel,i)

4. EXPERIMENTAL RESULTS AND DISCUSSION

The static and dynamic batch experimental data were
presented in Figure 1 together with the pseudo-second-order
kinetic model best fitted curves constructed with the ColloidFit
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Figure 2. Adsorption of FA—(2,4-DNPH) onto (a, d) NTX1, (b, ) quartz sand mixed with NTX1, and (c, f), quartz sand, under (a—c) static and
(d—f) dynamic conditions for a time period of 20 days based on the Weber-Morris intraparticle diffusion kinetic model. Here, C, = 9 mg/L at 23

°C.

Table 1. Fitted Parameter Values and Calculated RMSE Values for the FA—(2,4-DNPH) Kinetic Adsorption Experiments

pseudo-second-order model

intraparticle diffusion model

adsorbent ky [g/mg-d] C# [mg/g] RMSE [mg/g] linear part Kinteap [mg/d/.g] Clers [mg/g] RMSE [mg/g]
Static

FA and NTX1 0.0317 4.8178 0.2673 1 0.4583 0.4137 0.1662
2 1.0403 —0.3593
3 0.3532 2.0839

FA and NTXI and sand 53760 0.0177 0.00072 1 0.00130 0.0006 0.00032
2 0.00359 —0.00252
3 0.00019 0.01009

FA and sand 29.6658 0.0043 0.00026 1 0.00026 0.0000S 0.00029
2 0.00093 —0.0005S
3 0.00033 0.00161

Dynamic

FA and NTX1 0.0389 5.4973 0.4869 1 0.2211 0.9332 0.1072
2 1.1363 —0.0034
3 0.5967 2.0154

FA and NTX1 and sand 7.3758 0.0163 0.00042 1 0.00159 —0.000001 0.00035
2 0.00343 —0.00182
3 0.00054 0.00881

FA and sand 17.8761 0.0073 0.00025 1 0.00071 0.00001 0.00018
2 0.00171 —0.00103
3 0.00014 0.00438

software”"”” and in Figure 2 together with the Weber-Morris times under dynamic and static conditions were presented in

intraparticle diffusion model best fitted curves constructed with
Igor Pro (Wavemetrics, Lake Oswego, OR, USA). The fitted
parameter values and the calculated RMSE values for both
kinetic models were listed in Table 1. The removal of FA—
(2,4-DNPH) was determined at each sampling interval using
the eq S, and the results were presented in Figure 3. Also, the
normalized FA—(2,4-DNPH) concentration values at various

17007

Figure 4. Furthermore, the removal of FA—(2,4-DNPH) after
20 days contact time and the removal differences between
static and dynamic conditions were presented in Table 2.

A mixture of 14 g of quartz sand and 20 mg of multiwalled
carbon nanotubes (NTX1) resulted in higher FA—(24-
DNPH) removal than the removal obtained using the two
adsorbents separately (see Figure 3). NTX1 exhibited greater
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Figure 3. Removal of FA—(2,4-DNPH) under (a) static and (b)
dynamic conditions.
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Figure 4. Normalized FA—(2,4-DNPH) concentration values at
preselected times under (a) dynamic and (b) static conditions.

Table 2. FA—(2,4-DNPH) Removal after 20 Days Contact
Time (%)

static dynamic removal increase due to
adsorbent  experiments  experiments agitation (%)
NTX1 39.6 50.6 28
NTX1 and 76.7 78.1 1.8
sand
quartz sand 23.0 35.6 SS

removal efficiency than quartz sand. It is worth noting that the
mass of nanotubes (20 mg) used was considerably smaller than
the quartz sand (14 g). However, pristine multiwalled carbon
nanotubes, even in such small quantities, resulted in greater
FA—(2,4-DNPH) removal than the quartz sand.

For both static and dynamic conditions, the observed
adsorption capacity values (Figure 1) and removal values
(Figure 3) followed a similar upward trend. However, in all

cases examined, higher FA—(2,4-DNPH) removal was
achieved under dynamic conditions, because agitation
enhanced the adsorption process, due to increased mass
transfer rate and enhanced contact between FA—(2,4-DNPH)
molecules and adsorbent surfaces (ie. suppression of the
diffused boundary layer). As shown in Table 2, agitation
considerably affected the effectiveness of the adsorbents NTX1
and quartz sand, as the removal values increased by 28% and
55%, respectively. In contrast, when quartz sand was combined
with NTX1, no remarkable difference in FA—(2,4-DNPH)
removal was observed in the presence of agitation. This was
attributed to an apparent balance between the enhanced FA—
(2,4-DNPH) removal caused by the increased number of
accessible sites and the reduced FA—(2,4-DNPH) removal
caused by the decreased secondary porosity due to breakup of
the NTX1 aggregates.

It is evident from Figure 4 that the FA—(2,4-DNPH)
concentration in the aqueous phase exhibited a continuous
downward trend with increasing time. Furthermore, the fitted
values of parameters k,, and Cfof the pseudo-second-order
kinetic model (see Table 1) ascertained that the quartz sand
exhibited lower adsorption capacity values and higher
adsorption rates than MWCNTs. FA—(2,4-DNPH) was slowly
adsorbed onto the structure of carbon nanotubes. Note that for
the interaction between FA—(2,4-DNPH) and quartz sand
(Figures 1cf and 3) adsorption equilibrium was slowly
achieved after 10 days of contact time. However, in the
presence of MWCNTSs, adsorption equilibrium began after 14
days, and in some cases, the experimental duration was not
sufficient to achieve equilibrium (see Figure lc,d).

It is worth noting that potentially available adsorption sites
on open-ended single-walled carbon nanotubes bundles
(SWCNTs bundles) are (i) periphery grooves formed between
adjacent tubes, (i) external curved surfaces of individual
nanotubes of the bundles, (iii) large diameter gaps formed
between the bundles (i.e., interstitial channels), and (iv)
hollow internal sites.”> As opposed to SWCNTs, the
interaction of MWCNTSs, which occurs due to van der Waals
forces, does not result in bundle formation but in the
entanglement of individual MWCNTs. Thus, in case of
open-ended MWCNTs, the adsorption reactive sites probably
consisted of pores on the external walls of the nanostructures,
aggregated pores between the adhered tubes, and small hollow
internal sites of the individual MWCNTs, as well as possible
defects formed on MWCNTs surfaces.”

However, the MWCNTSs used in this study were the closed
type (ie., closed at both ends); thus, adsorption was expected
to take place only on external surfaces and on interstitial spaces
of the entangled tubes, while voids between coaxial MWCNT's
as well as the internal pore surface of individual nanotubes
were inaccessible.”* "

Initially, the adsorption process of organic compounds onto
pristine and closed-ended MWCNT'Ss probably occurred in the
largest interstitial spaces of the entangled tubes, and
subsequently, absorption occurred on the outer walls of
individual nanotubes.”*”” Therefore, the delay in adsorption
equilibrium observed in this study was probably due to the fact
that equilibrium was reached more slowly on the aggregated
pores of the interstitial spaces formed between the entangled
tubes than the external sites of individual MWCNTSs.”® The
fact that the experimental results were satisfactorily described
by the pseudo-second-order model suggested that chemical
sorption probably occurred between FA—(2,4-DNPH) and the
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two adsorbents examined. However, on the basis of the
Cié fitted values listed in Table 1, FA—(2,4-DNPH) adsorption
onto MWCNTs and quartz sand was slow.

It is obvious from Figure 2 that the Weber-Morris plots of
the experimental data consisted of three linear parts of different
slopes. The slopes of each linear part, the corresponding y-
intercepts of the lines, as well as the correlation coeflicients
calculated using linear regression were presented in Table 1.
Given that the fitted lines do not pass through the origin (C #
0), it was revealed that intra-aggregate diffusion was not the
only rate-limiting step and that probably film diffusion
significantly contributed to the sorption process. In all cases
examined, the first linear part of the plots (0 < t < 1 day)
represented the rapid mass transfer of FA—(2,4-DNPH)
molecules across the boundary liquid film (positive y-axis
intercepts). According to Kumar and Gaur,” the binding
process is usually fast. The second linear part of the plots
represented the intraparticle diffusion of FA—(2,4-DNPH)
molecules. Note than the observed negative y-axis intercepts of
the second linear part indicated that probably pore diffusion
resistance occurred during the adsorption process. The third
linear part, with almost zero gradient, confirmed that an
adsorption equilibrium of the system was established. In Figure
2¢,d, there existed three linear parts, but no adsorption
equilibrium was reached over the experimental period. The
third linear part in Figure 2c,d suggested that further FA—(2,4-
DNPH) diffusion within MWCNTSs occurred after 14 days of
contact time.

The weak affinity of FA—(2,4-DNPH) for quartz sand could
probably be explained by the low octanol/water distribution
coefficient (log K,,, = 0.35) of FA. On the basis of the RMSE
values determined for the two models (see Table 1), it is
evident that the experimental data, with the exception of the
case of FA—(2,4-DNPH) interaction with quartz sand under
static conditions, were best described by the Weber-Morris
intraparticle diffusion model.

5. SUMMARY AND CONCLUSIONS

The experimental results of this study suggested that the
binding affinity of FA—(2,4-DNPH) for quartz sand was low,
while adsorption was enhanced in the presence of MWCNTs.
In addition, FA—(2,4-DNPH) adsorption onto quartz sand
and MWCNTs was more pronounced under dynamic than
static conditions, probably due to agitation. Also, it was shown,
in most of the cases considered, that the adsorption
experimental data were better described by the Weber-Morris
intraparticle diffusion model than the pseudo-second-order
kinetic model. Therefore, initially, a rapid surface chemisorp-
tion of FA—(2,4-DNPH) onto available external adsorption
sites of sand and MWCNTs (i.e., outer convex nanotube walls)
occurred, and subsequently, a slower intra-aggregate (pore)
diffusion of FA—(2,4-DNPH) onto interstitial spaces of
entangled MWCNTs, through the surface mesopores, probably
took place. The observed slow approach to adsorption
equilibrium in the case of NTX1 and quartz sand mixed with
NTX1 can be attributed to the fact that diffusion was the
limiting step.

The findings of this study suggested that FA—(2,4-DNPH)
can not be retained by quartz sand. However, a mixture of 14 g
of quartz sand and 20 mg of no-functional multiwalled carbon
nanotubes can significantly remove FA—(2,4-DNPH) from
aqueous samples. Therefore, engineered MWCNTSs could be

promising adsorbent materials for development of new
filtration techniques and for groundwater remediation.
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