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Abstract

Organic pollutants soluble in water such as chlorine compounds, biphenyls and aldrins caused by dyes,

detergents, herbicides and toxins cannot be removed in conventional purification processes such as
filtration. Carbon nanotubes have a high ability to separate organic pollutants, but its slurry application is
not desirable due to the need to remove them at the end of purification. In the present study, upgraded
carbon nanotubes attached to particles of sand filters (CNTsand) were synthesized and used to remove
organic pollutants. The capacity and efficiency of these nanotubes and the variables affecting it including
pH, temperature, contact time and concentration were investigated. Also, reaction kinetics and adsorption
isotherms were analyzed. The results showed that CNTsand has a high capacity to remove organic
compounds. The data processing showed the pseudo-second order kinetic model for the elimination
reaction and the Langmuir isotherm was the most consistent. The reaction enthalpy change equal to
AH=11.02 kJ/mol and the free energy change from AG=-7.32 to -9.20 kJ/mol both indicate an
endothermic and thermodynamically spontaneous reaction. Therefore, the adequacy and efficiency of the
upgraded nanotube coating on sand grains in removing organic pollutants was confirmed.
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1. Introduction

Supplying sufficient drinking water with the
desired quality is the most basic need of human
societies, which, with the increasing demand for
water due to the growth of population and
industry on the one hand, and the limited
available water resources due to the extensive
spread of pollutants on the other hand, is one of
the challenges facing many countries. A variety
of soluble pollutants including nitrates, heavy
metals and organic compounds such as dyes,
pesticides, agricultural poisons and herbicides
have entered water sources from urban, industrial
and agricultural wastewater (Chidambaram,
2019).

Today, the harmful effects of organic
pollutants such as pesticides and dyes have been
revealed by various destructive incidents all over
the world, so that aquatic organisms and
mammals have been affected by it and its harmful
effects have entered the human life cycle (Kaur,
2019).

Organic pollutants have long environmental
half-lives. Therefore, their successive release over
time leads to their permanent storage and
presence everywhere in the global environment
(Ozkara, 2016). The introduction of pesticides
into the biological cycle causes long-term health
risks such as the destruction of neurons,
carcinogenesis, cardiovascular diseases, kidney,
endocrine system and birth defects in humans
(Awad, 2020).

The absorption of natural organic substances
on heated carbon nanotubes has been investigated
in various studies and it has been observed that
the amount of absorption in the heated state is
higher than in the raw state (Han, 2022). In a
2008 study by Hun Hyung and his colleagues, it
was concluded that the removal efficiency of
natural organic matter with the help of carbon
nanotubes depends on the pH of the solution; so
that by decreasing pH and increasing ionic
strength. The amount of absorption increases
(Hyung and Kim, 2008).

In other similar cases, the efficiency of carbon
nanotubes with efficiencies higher than 99% in
removing organic pollutants was reported (Chang,
2020, Aris, 2020). By placing zirconium dioxide
on multi-walled carbon nanotubes (ZrO,-
MWCNT), Shinde et al. successfully used it for
water and wastewater treatment (Shinde, 2020).

In general, there is little research related to the
coating of nanoparticles on fixed substrates,
especially with the ability to be used on silica
particles and the like, and it is necessary to further
explore the conditions affecting it. In this
research, the potential of removing organic
pollutants using carbon nanotubes was
investigated. Also, since the use of carbon
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nanotubes in the form of slurry and immersion is
not desirable, these nanotubes were coated on the
silica substrate. Therefore, the main goal of this
research is to remove total organic carbon® from
surface water using carbon nanotubes coated on
sand (CNTsand) in quick sand filters of water
treatment plants by investigating the effect of
various  factors and  determining  the
characteristics of the related chemical process.

2. Materials and Methods

In the first stage of this research, preparation of
materials, manufacturing of coating and
description of coating of carbon nanotubes on
silicon substrate (including investigation of
characteristics of carbon nanotubes and coated
substrate by applying physical and chemical
methods, and SEM, FTIR and CHNS analysis)
were carried out. After ensuring the quality of the
synthesized nanomaterials, the experiments
related to investigating the effectiveness of the
carbon nanotubes coated on the surface of the
sand filter silica grains were investigated.

Raw multi-walled carbon nanotubes were
purchased from Nano Saw Company. According
to the manufacturer's information, the length of
the carbon nanotube is less than 10 micrometers,
its outer diameter is between 10 and 30
nanometers, and its impurities are less than 5%.
According to the thermogravimetric diagram
received from the manufacturing company, this
nanotube is temperature resistant up to 500 °C
and even higher, and the amount of mass lost at
such temperatures is negligible.

The method of preparing carbon nanotubes
was by chemical vapor deposition using iron,
cobalt and molybdenum catalysts.

Nitric acid (HNOs, Synth, 65%, hydrochloric
acid, Synth, 37%), triaminopropyltriethoxysilane
(H2N(CH,)3Si(OCH)3), toluene and methanol
were all obtained from Merck, Germany.

The experiments were designed with Design
Expert software and based on the central
composite design® and with three variables of
adsorbent concentration, contact time and TOC
concentration using the response procedure
methodology®. In the initial design of the
experiments, 20 points were obtained by the
central compound design method for the
experiment, which were 8 factorial experiments, 6
central experiments and 6 central experiments.
Based on this, the design of the experiment was
carried out with primary independent variables
(X1, X2 and X3) and the range of independent
parameters was checked according to Table 1.

Yotal Organic Carbon (TOC)
“Central Composite Design (CCD)
3 Response Procedure Methodology (RSM)
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Table 1. Independent variables examined in the

CCD method
: Variables
Parameter Factor Unit
o0 -1 0 +1 +a
TOC Xy mg/L 2 4 7 10 12
Time X, min 10 20 35 50 60
Adsorbent X3 gr 10 16 25 34 40

3. Results and Discussion

Fig. 1 shows the SEM image of raw and oxidized
carbon nanotube. Figs. 1-a and 1-b are related to
the raw carbon nanotube, which is shown in Fig.
1-b, the outer diameter of the nanotubes. The
external diameter of most of them is less than 30
nm, although in some cases it reaches more than
30 nm.

The coated surface of silica with carbon
nanotubes shows that a non-uniform coating of
nanotubes has been formed on silica. According
to the chains in the SEM images, pristine
MWCNTs have an irregular density of tubes;
after oxidation with nitric acid, the nanotubes are
shortened and a significant change in the
structural integrity of MWCNTS is observed. On
the other hand, the observation of CNTsand
images shows the non-uniform coverage of
MWCNTSs on the silica grains, which is different
from the acid-washed silica surface.

Based on Fig. 2, the amount of TOC adsorbed
on CNTsand (ge) shows that the removal process
has a fast phase at first and then a slow phase
until the equilibrium time. The initial fast step is
related to the rapid adsorption of NOM on the
available CNTsand adsorption sites, and the
adsorption rate decreases when these sites are
covered. Similar findings were reported in recent
research such as (Shinde, 2020). According to
this figure, the equilibrium time for CNTsand is
about 40 to 60 min, and based on the views, the
dark brown color of humic acid changes to a
relatively clear color after about 40 min.

According to the data obtained in this research
(Fig. 3), the Langmuir isotherm with a correlation
coefficient of 98% has a better fit. In this
isotherm, the separation coefficient (RL) is
between 0.15 and 0.55, which indicates that the
adsorption process of NOM on CNTsand is
favorable.

Based on the obtained data (Fig. 4), the graph
of t/q_t against t is higher with a correlation
coefficient of 97%, and therefore, it has the best
fit with the second-order pseudo-reaction model.
Therefore, it can be concluded that the humic acid
adsorption process on CNTsand is consistent with
the second-order pseudo-equation, and the
reaction coefficient, K,, is 440 for it.

4. Conclusion

In this research, a new improved adsorbent
(CNTsand) with MWCNT coating on silica grains
was produced. Due to the fact that the use of nano
absorbents in a submerged form has its own
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Fig. 1. SEM images, a) virgin MWCNT, b)
oxidized MWCNT, c) acid washed silica surface,

d) MWCNT coated silica sand surface
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Fig. 2. The effect of adsorption on CNTsand in
different concentrations of humic acid
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Fig. 4. Kinetics of humic acid removal by
CNTsand

challenges, in this research, with the aim of
eliminating the necessity of removing organic
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Fig. 3. Humic acid adsorption isotherms by
CNTsand

substances from the coagulation process and
improving the surface absorption characteristics
of sand, the upgrading of filters with carbon nano
tubes coating was done. In fact, by coating
nanotubes on sand filters, not only did the
stabilization of nanotubes become possible, but
also the ability of surface absorption increased.
Preliminary tests showed a high removal of
organic matter with coated silica (above 70%)
against a negligible removal of organic matter
with ordinary silica (less than 1%). The reason for
the removal of organic substances with silica
coated with carbon nanotubes can be attributed to
high  hydrophobicity, pi-pi  bond (m-m),
electrostatic attraction and lateral bonding of
carbon nanotubes with natural organic substances.
The above shows that the new engineering nano
adsorbent has a high potential in removing natural
organic substances from water.
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Fig. 2. Dispersion of raw and oxidized carbon nanotubes at different temperatures and times
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Fig. 3. a) Raw silica, b) silica washed with acid and c) silica coated with nanotubes

S5 Bl g ool (€ 5 ol Lo et ool (b sl (Y I3

CCD u".:})).s % w)ﬁjiwdh)g:»n}w—\' d)u\e
Table 2. The range of independent variables examined in the CCD method

) Variables
Parameters Factor Unit
-0, -1 0 +1 +a,
TOC X, mg/L 2 4 7 10 12
Time X, min 10 20 35 50 60
Adsorbent X3 ar 10 16 25 34 40

s 655 v o5l ity GWMWONT 5 ok 4ol
568 S gl SISEM (g i ¥ IS o wsli
by o b yact Gl JSis s e ot | et ]
Lo 56 s a3 bo¥ S 53 o8 ol ol o S 4
agU¥e 5l S LT el oyl b el e ool ol
S o @2 U S G ol (B ool ST
deliesssada St o S glaad Il s oS (g2 55 6
Led 5l dsb 0ad sb S o3 0 salin ol (0 S ladl J il
o9 Sen ) ) S g sacd bl (g 0ls 8o bl S
s s o Slasal Cessay gLl pizpen el s
L b a8l 2ty o ol 0 S Gallae al Lot
Gt e Ol S el d-F S gl 55 o S50
G5 bl el 55250 ko (535 2 A 5l (231580 8
S SLAMWENT SEM 55 55 55> 50 glins s
sl Uy )5l oy S s Lnd ) s 815 o1
LK 3 ez F G ek 5002 B S e J 5L 2

Water and Wastewater

QWW%‘SL’J‘.U(JEY' B osgamme 55 (punbow il 4
b s SIS ST Sles
S CJJ’ Ll 5 Design Expert J\;,Jlrﬁ’ Ll il
LTOC chle 5 olos ooy il clile iz an b5 ' (5550
ol ol 2 (ol il ) 535k e STl
A S ol Casty islail gl CCD Los, b akai Yo oo
e S Gl 7 5 eosme GalasT 8 bl it
X Xa) 4l Jarn sLo iz Ly (2l (b ol e
o ¥ dsir Gl Jaas sl 2ol )ly 03500 (\’53‘ (Xs

S

Syl -

seoiige D3 56 ol g5 s =AY

2 st (S5sd 5550 Ol ks a5 6l — SEM
b salia () s 5008 4] 5 o GLMWCNT

! Central Composite Design (CCD)
2 Response Surface Methodology (RSM)

Vol. 34, No. 4, 2023

VY Jlo o oles FF o0



dx.doi.org/10.22093/ww;j.2023.385457.3324

wesil oS a0 5 I sloos VT S

\Y

26 KV 40.0 KX 1um KYKY-EM3200 SN:0662

26 KV 200X 1mm KYKY-EM3200 SN:0662

26 KV 40.0 KX 1um KYKY-EM3200 SN:0662

P Aos
~."’/

?

26 KV 20.0 KX 1um KYKY-EM3200 SN:0662
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Atomic percentage (7.)
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Table 4. The initial value of independent and recieved parameters from the model
Run X1: TOG;, X2:Time X3: Adsorbent TOCout Removal XIM
number (mg/L) (min) (gn) (mg/L) (%) (mg/g)
1 7 35 25 3.25 53.57 30.0
2 7 35 10 4.85 30.71 43.0
3 4 50 34 0.85 78.89 17.8
4 7 35 25 3.25 53.57 30.0
5 7 35 25 3.31 52.71 29.5
6 4 50 16 1.25 68.96 34.5
7 2 35 25 0.50 75.00 12.0
8 10 20 16 8.30 16.75 20.87
9 7 35 25 3.10 55.70 31.2
10 7 60 25 1.87 73.29 41.0
11 4 20 16 2.56 36.43 18.2
12 7 35 40 1.72 75.40 26.4
13 10 50 34 2.75 72.43 42.6
14 7 35 25 3.18 54.57 30.6
15 12 35 25 7.00 41.60 40.0
16 10 50 16 5.10 48.86 60.6
17 7 10 25 5.48 21.70 12.2
18 7 35 25 3.46 50.57 28.3
19 10 20 34 5.75 42.34 24.9
20 4 20 34 1.75 56.58 13.4
STosle Bis il Julows -0 Jsux
Table 5. Results of variance analysis of organic matter removal
Sum of Average of p-value
Sollkc squares df squares F-value Prob > F
Model 80.291397 9 8.9212664 489.95712 < 0.0001 Important
X1-TOC 51.117465 1 51.117465 2807.3779 < 0.0001
X2-Time 15.355457 1 15.355457 843.32373 < 0.0001
X3-Adsorb 9.4727627 1 9.4727627 520.24537 < 0.0001
X1X2 1.9900125 1 1.9900125 109.29175 < 0.0001
X1X3 1.7020125 1 1.7020125 93.474749 < 0.0001
X2X3 0.0465125 1 0.0465125 2.5544726 0.1411
X172 0.3840518 1 0.3840518 21.092176 0.001
X272 0.2694198 1 0.2694198 14.79657 0.0032
X372 1.926E-05 1 1.926E-05 0.0010576 0.9747
Residual 0.1820826 10 0.0182083
Loss fitness 0.1073993 5 0.0214799 1.438062 0.3499 Insignificant
Absolute error 0.0746833 5 0.0149367
Sum 80.47348 19
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