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Abstract: This study concerns an evaluation of humic substance removal during an adsorption
process on three sorbents: two consisting of carbon nanotubes embedded on a polymer (polypropy-
lene and polyethylene) and granulated active carbon as a reference. The results that were obtained
show a significantly lower organic substance removal effectiveness in the case of sorbents containing
carbon nanotubes, with an insignificantly lower unit effectiveness (mg/g) of the nanosorbents during
first two hours of adsorption. Unfortunately, nanosorbents only allow removing substances with
a low molecular weight and high aromaticity, which significantly reduces the possibility of its use
in technical conditions for naturally occurring water and the sorption capacity nanotubes were
significantly lower in comparison to the GAC.

Keywords: carbon nanotubes; sorption; UV absorption; sorption capacity; humic substances

1. Introduction

Currently in the world, we can observe a decrease in the available water resources,
which is connected with climatic changes, as well as an increase in the water contamination
levels, caused mostly by organic substances. Still, in surface water, humic substances
are the dominant organic substance type, [1-3], and due to their varied properties, they
may present a hazard to human health [4,5]. It is because of this that studies have been
conducted for many years aiming to evaluate the effectiveness of water treatment unit
process and to optimize them for removing organic substances.

A large organic substance removal effectiveness was found for the adsorption process,
which is almost 100% effective in removing Dissolved Organic Carbon (DOC) [6,7]. The
most commonly used sorbents in water treatment process are carbon sorbents, specifically
activated carbon. Therefore, there is ongoing research about modifying activated carbon to
obtain an increase in the effectiveness of this process. [8]. Additionally, carbon nanosorbents,
including carbon nanotubes and graphene, have been indicated as materials having a large
potential for removing organic substances [9,10]. Studies concerning single-walled and
multi-walled carbon nanotubes were conducted mainly in laboratory conditions and
allowed for determining the kinetics of removing organic substances from water [5,11].
They were also conducted for one-component solutions and therefore it was determined
that the absorption takes place with a pseudo second-order Freundlich isotherm [12].
The large potential of these materials results from their specific surface area, which is
larger than that of classic activated carbons [13]. An additional advantage is the ease of
nanosorbent regeneration/cleaning with the use of mineral acids [14], which allows for
an almost complete regeneration of the sorption potential. From the organic substances
(natural organic matter) present in water, nanosorbents mainly remove substances of a
low molecular weight [15,16] and high aromaticity. Hyung and Kim have found that large
molecular weight molecules may block the active centers, which may significantly limit
the sorption potential of this sorbent [17].
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Due to the size and properties of nanotubes, they have not been used at a technical scale
in flow conditions, and they have only been used in membrane separation process as a layer on
the membrane surface [18,19]. This resulted in a limiting of biofilm formation on the surface of
the membrane, which results from the biostatic properties of CNTs [20,21]. Additionally, there
was an increase in the contaminant removal effectiveness, including organic contaminants.
This means that the use of CNTs in practice requires limiting their mobility. Therefore, it was
justified to carry out studies of the effectiveness of removing organic, mainly humic, substances
in adsorption on granulated activated carbon and multi-walled carbon nanotubes, which were
deposited on the surface of polyethylene and polypropylene.

The main goal of presented research is assessment of the possibility using the CNT in
flow conditions, which can be implemented in technical conditions in water treatment plants.

The high potential of CNT using in organic substances removal is presented many
studies [22,23], but all of them are in laboratory conditions in jar tests.

2. Methods and Procedure
2.1. Reserach Procedure

The studies of the adsorption process were performed at a laboratory scale in flow
conditions. The installation (Figure 1) allows for simultaneous operation of three filters
with a diameter of 4.8 cm. The adsorption process was conducted at a flow speed of 5 m/h
downwards, which is a speed that is commonly found at technical conditions (this flow
speed is commonly used in water treatment plants). Thanks to this it was possible to
compare the three sorbents in terms of their effectiveness in removing organic substances
from water.

Figure 1. Installation used to implement the adsorption process.

This study used granulated activated carbon (GAC) as the reference material, which
is available on the market under the WG-12 trade name, along with two polymer sor-
bents (polypropylene and polyethylene, respectively) covered with multi-walled carbon
nanotubes. The polymer surface (PP and PE) was covered by MWCNT (multi-walled
carbon nanotubes) which allowed the use of carbon nanotubes as an adsorption bed in flow
conditions. Nanotubes made up 25% of the sorbent mass in case of both PP and PE based
sorbents (MWCNT-PP and MWCNT-PE). The same carbon nanotubes were deposited on
the surface of both polymers, and therefore differences in the adsorption effectiveness and
the operating conditions are the effect of different properties of the polymers that were
used. Both nanosorbents were characterized by a large porosity, which is confirmed by
photographs of the surface of the polyethylene-based sorbent (Figure 2).
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Figure 2. Photograph of the polyethylene sorbent surface.

The adsorption columns were filled with absorption beds depths of 70 cm (same
volume of each sorbents bed), which corresponded to 520 g GAC- WG12, 190 g MWCNT
(in the case of MWCNT-PP) and 204 g MWCNT (in the case of MWCNT-PE).

All the sorbents were immersed in distilled water for 24 h before the tests, and after
filling the columns each sorbent was flushed.

The columns were supplied with tap water enriched with humic acid, with a quantity
sufficient to increase the color intensity (340) to about 20 g Pt/m>. The solution was
prepared in two tanks, 200 dm? each, operating alternatively so that the continuity of
column operation could be ensured.

Water for analysis was taken from the supply tank (raw water RW- sample number 1)
and from the outflow from each of the MWCNT-PP (sample number 2), MWCNT-PE
(sample number 3) and GAC-WG12 (sample number 4) sorption columns (Figure 3). Water
from supply tank was pumped to the three parallel filters. The flow direction up-down with
flow speed 5 m/h, were implemented. Filtrates were taken after 1, 3, 6,7, 9,12 and 13 h of
sorption column operation, which corresponded to ratios of 7.1 to 92.3 of water volume
Voo to the adsorption bed volume Vp. The test was conducted until the exhaustion of
the sorption potential of the polymer beds, i.e., until an increase in the filtrate organic
substance concentration.
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Figure 3. Place of water intake.
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2.2. Scope and Analytical Methods

The following parameters were determined for the raw and filtered water: pH, color
at a wavelength of 340 nm, which is considered to be the maximum of light absorption
by humic substances [24] and at 410 nm, UV absorbance at wavelengths of 254 nm and
272 nm, and the total and dissolved organic carbon concentrations. Based on the DOC
concentration and UVjs4 absorbances, the specific absorbance SUVA was determined.

Additionally, a molecular size distribution analysis using a size-exclusion chromatog-
raphy (SEC) method was conducted. Thanks to this, the content of molecules with sizes of
2.3-2.5kDa, 1.8-2.0 kDa, 0.7-0.9 kDa, 0.5-0.7 kDa and smaller than 0.1 kDa was determined.

Analysis of pH was conducted using pH-meter, while color intensity and UV ab-
sorbance was determined by the use of a Shimadzu UV-VIS 1800 spectrophotometer on
samples filtered through a 0.45 pm filter. The analysis of total and dissolved organic carbon
was performed with the use of a Hach TOC analyzer by a thermal method.

SEC analysis was conducted by chromatographic methods. Chromatographic analysis
was performed with the use of an Ulti Mate 3000 Dionex liquid chromatograph, equipped
with a DAD detector. The results were obtained with detection at 254 nm. A Shodex
OH pak 5B-803 HQ polymer column with a molecule size of 13 um and dimensions of
8 x 300 mm was used, along with a Shodex OHpak SB-G 6B, 10 um, 6 x 50 mm pre-
column. An analysis of concentrations of molecules of a given size was performed based
on changes of the peak areas in chromatographs. Calibration was performed with the use
of polystyrene sulfonate sodium salts (PSS, American Polymer Standards Corporation).

The efficiency of contamination removal was calculated as:

_ C'O - Ce
= s

% 100; % 1)

where: Cy parameter value before adsorption; C,- parameter value after adsorption.

3. Results and Discussion

The raw water was characterized by a constant physico-chemical composition (Table 1),
which allowed for a comparison of the effectiveness of the individual sorbents.

The introduction of humic substances into water caused a significant increase in the
color intensity at both 340 nm, as well as 410 nm. Additionally, it is worth to note that the
added organic substances were characterized by significant aromaticity, which is shown by
the UVys54 and UVyy, absorbance values [25].

Medium and large molecular weight substances dominated in raw water, which in-
dicates their susceptibility to removal in the adsorption process [26]. In GAC filtrates the
concentration of organic substances particles of all sizes decreased. Adsorption by the
MWCNT- PP and MWCNT-PE beds significantly decreased concentration of the low molec-
ular weight particles (Figure 4). This means that nanosorbents remove only substances
with a defined particle size they are selective sorbents. On the other hand, on the GAC,
organic substances are removed non-selectively.

Regardless of the adsorbent used, during the first eight hours a decrease of the organic
substance content was found in all water samples. In the case of classic activated carbon
(WG-12) this effectiveness was close to 100%, while in the case of the other two sorbents it
did not exceed 40% (Figure 5). In the case of both sorbents containing carbon nanotubes, a
high effectiveness was found in the first 2 h of operation and a significant decrease in the
effectiveness after 6 h of operation. Granulated activated carbon also showed a decrease in
the adsorption effectiveness after the same amount of time, yet this decrease was minor
and the sorbent still effectively removed organic substances, which is also confirmed by
the results of other studies [27,28].
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Table 1. Ranges of water quality parameters before and after adsorption.

Parameter Unit RW MWCNT-PP MWCNT-PE GAC-WG12

Average Min Max Average Min Max Average  Min Max Average Min Max

pH - - 8.1 8.2 - 8.0 8.3 - 5.2 8.3 - 7.9 8.3
Caq0 gPt/m3 25.2 16.1 32.5 25.7 14.0 349 25.1 13.9 342 12.6 4.4 19.3
Cao gPt/m3 61.6 37.0 81.5 62.4 31.0 88.9 62.1 30.7 87.8 35.9 12.3 544

UVsy m™! 16.7 11.8 207 16.7 10.6 21.4 16.7 10.6 215 6.4 2.2 9.6

UVar m~! 14.4 10.0 18.2 14.4 8.9 18.8 14.5 8.8 18.9 5.9 19 8.8
TOC gC/m3 6.06 5.02 7.32 5.81 3.95 7.25 6.00 3.97 7.24 1.33 0.10 1.88
DOC gC/m3 5.61 4.60 6.92 5.62 3.87 7.06 5.62 3.83 6.87 091 0.08 1.38
2.3-2.5kDa g/m> 5.72 4.86 6.36 7.70 4.80 14.60 5.95 5.16 7.03 0.00 0.00 0.00
1.8-2.0 kDa g/m? 10.54 9.87 1146 1111 8.41 14.07 10.62 9.57 11.63 0.00 0.00 0.00
0.7-0.9 kDa g/m3 8.09 7.34 8.69 8.10 6.76 9.29 8.00 7.18 8.89 0.00 0.00 0.00
0.5-0.7 kDa g/m3 0.98 0.57 1.85 0.92 0.44 1.85 0.92 0.45 1.98 0.11 0.00 0.23
<0.1kDa g/m3 1.10 0.33 1.61 1.52 0.55 2.76 1.43 0.66 2.38 0.33 0.00 0.95
SUVa m?/g 2.95 257 344 3.00 2.48 3.25 3.02 2.40 3.20 9.63 4.18 36.88
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Figure 4. Distribution of molecular weight in raw water and filtrates.
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Figure 5. A comparison of the DOC removal effectiveness during the adsorption process.
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At the same time, the exhaustion of the absorption capacity of the MWCNT-PP bed
was found after a volume of water corresponding to just 42 bed volumes had flowed
through the bed. On the other hand, in the case of MWCNT-PE, the bed operating time
was longer; however, its effectiveness was insignificant.

On the other hand, comparing the effectiveness of sorbents containing carbon nan-
otubes with granulated activated carbon show a low utility of CNTs in water treatment.
This may be due to the inhibited contact of water with MWCNTs and the partial limiting of
the sorption surface by polymers on which the CNTs were deposited. The second point
is a selective removal of an organic particle only on low molecular weight from water on
nanosorbents. These particles are a minority fraction of organic molecules.

The comparison of sorption capacity of used adsorbents and the efficiency of organic
substances removal on used adsorbents were calculated. The unit sorption capacity com-
parison eliminates the influence difference in quantity used adsorbents in bed. In this way
attention should be paid to the fact that during the first hour the quantity of adsorbed
contamination was similar in all three beds. The quantity of adsorbed pollution increased
on GAC-WG12 during the whole test, but for MWCNT-PE after 5 h and for MWCNT-PP
after 6 h we observed depletion of sorption capacity (Figure 6). In case of both nanosor-
bents unit sorption capacity was significantly lower to GAC-WG12. It can be explained by
non-selectivity organic substances removal by GAC-WG12.

TOC adsorbted, mg/g

1
0.9 GAC-WG-12
i —+—MCNT-PE

: MCNT-PP
0.7
0.6
0.5
0.4
0.3
0.2 / - * * * * * *
0.1 S—

0m =

0 1 2 3 4 5 6 7 8 o 10 11

Adsorption time, h

Figure 6. Amount of retained organic substances per 1 g of sorbents.

The effectiveness that was found in removing total organic carbon per 1 g of nanosor-
bents sorbent for humic acids was smaller than that found for other chosen organic sub-
stances [17] in the range of 87-400 mg/g [29].

The lower effectiveness that was found for nanosorbents may testify to an improper
joining of components, an insufficient cleaning of CNTs [30] or process operating conditions
that limit the use of the sorption potential.

It was found that from the three compared sorbents, GAC-WG12 removed molecules
of all of the analyzed molecular weight (Figure 7), and this effectiveness did not reach
100% only for molecules smaller than 0.1 kDa and in the range of 0.5-0.7 kDa. On the other
hand, sorbents containing nanotubes showed a low effectiveness in removing substances
with the highest (Table 1) and lowest analyzed molecular weight. Kilduff et al. [31]
showed; however, carbon nanotubes show a high effectiveness in removing substances
with a small molecular weight. In contrast Hyung and Kim [17] showed that carbon
nanotubes most effectively remove substances with a large molecular weight. This means
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that the effectiveness in removing organic substances is determined by properties other
than aromaticity or functional group type.

mAU
w

; — SN

15 16 17 18 19 20 21 22

Retention time [min]

=——RW  =———MWCNT-PE MWCNT-PP

GAC-WG12

Figure 7. Chromatograph of the molecular size distribution in raw and post-adsorption water.

Among the substances removed on the adsorbents containing carbon nanotubes,
molecules in the range of 0.5-0.7 kDa dominated (Figure 8).
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Figure 8. Effectiveness in removing organic substances with molecular weight of 0.5-0.7 kDa.

The results that were obtained, and the fact that low and medium molecular weight
compounds were removed, are confirmed by studies of effectiveness in removing organic
substances that showed that when using carbon nanotubes, humic substances are more
effectively removed than fulvic acids [17].
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A consequence of the removal of substances of varying molecular weight on GAC-
WGI12 was a significant increase in the SUVa values in filtrate after adsorption on this
sorbent. On the other hand, the effective elimination of molecules of only a molecular
weight of 0.5-0.7 kDa on nanoadsorbents caused only insignificant changes in the values
of SUVA in filtrates from these two adsorption columns (Figure 9).

37
A
® RW
O  MWCNT-PP
v  MWCNT-PE
A GAC-WG12
o)
s
< %
:>) 15
) A
10 1
A
AN
5 N A
H s * 9 9 e @
0 T T T T
0 20 40 60 80 100
VHZONB

Figure 9. The specific UV absorbance values in raw and filtered water.

As Werschkun et al. [32] have shown, high UV absorbance values at both 254 nm and
272 nm in raw water testify to a large aromatic substance content. This means that aromatic
substances dominated among the organic substances in raw water, which testifies to their
susceptibility to adsorption. This hypothesis is confirmed by the decrease in UV absorbance
in all filtrate samples. Similar results were obtained by Hyung and Kim [17], who have
shown, that the effectiveness of nanotubes in removing organic substances increases with
an increase in the aromaticity of substances in water.

Regardless of the effectiveness in removing organic substances, for all three of the
sorbents aromatic substances were decisive in determining the dissolved organic carbon
content, which is confirmed by the relationship that was found between DOC content and
these absorbances (Figure 10a,b).
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Figure 10. Cont.
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4. Conclusions

Organic substances removal was significantly less effective for sorbents containing
carbon nanotubes than for granulated activated carbon.

The operating time of nanosorbents beds is very short, which limits significantly the
use of these materials in flow conditions, similar to that used in water treatment plants.
Sorbents containing carbon nanotubes remove mainly molecules with a low molecular weight
(0.5-0.7 kDa). However, they do not ensure the removal of medium and large molecules. It
limits significantly effectiveness of natural organic matter (NOM) removal from water.

The effectiveness of carbon nanosorbents was independent of the base material on
which the carbon nanotubes were deposited.

The unit sorption capacity of GAC-WG12 was significantly larger than the one of
sorbents containing CNTs, which indicates a possibility of increasing their effectiveness
in removing organic substances by the use of higher filtration beds, but it would not be
economically reasonable. The CNTs sorbents can be used as the selective sorbents for low
molecular weight humic substances.
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