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Magnetic nanoparticle-mediated isolation (MMI) is a new method for isolating active functional microbes from complex
microorganisms without substrate labeling. In this study, the composition and properties of magnetic nanoparticles (MNPs) were
characterized by a number of techniques, indicating that MNPs have characteristics such as microinterfaces and can be efficiently
fixed on the surface of microbial cells. It also introduced the MMI technology in activated sludge after stable long-term treatment.
With further addition of promotor carbon sources, the enrichment of the functional nitrogen degraders in MMI was significantly
higher than in samples without MNPs, showing the advantages of MMI in identifying the active degraders. Redundancy analysis
(RDA) also showed that the functional nitrogen degraders such as Comamonadaceae_unclassified and Thiobacillus absolutely
dominated in situ ammonia degradation, and the change in dominant genera had the same trend as the degradation rate of
ammonia nitrogen. In the magnetically functionalized system, the separated functional nitrogen degraders significantly improved
ammonia nitrogen degradation efficiency, making it basically stable at more than 80%, up to 91.6%. These results prove that the
complex flora created after the addition of MNPs is more adaptable to newly introduced pollutants, and MMI is a powerful tool for

studying pollutant-degrading microorganisms under in situ conditions.

1. Introduction

With China’s rapid industrial development, petrochemical,
gas, pharmaceutical, and metallurgical industries have
produced and will continue to produce vast amounts of
wastewater that contain high concentrations of ammonia
nitrogen. In 2015, the discharge of ammonia nitrogen
pollutants was as high as 2.299 million tons [1]. The direct
discharge of excessive ammonia nitrogen into water bodies
causes eutrophication. Moreover, nitrate and nitrite, the
oxidation products of ammonia, will affect aquatic ecosys-
tems and human health [2]. Since 1998, China has revised a
series of environmental quality standards to control the
discharge of ammonia nitrogen and nitrate into water
bodies. However, given the outdated industrial equipment
and ineftective pollution control in China, large amounts of
wastewater with excessive levels of ammonia continue to be
discharged into water systems. Therefore, research on the
removal of ammonia from water is crucial.

Biological denitrification is the most widely used ni-
trogen removal method because of its simple operation and
excellent ammonia nitrogen removal rate. Moreover, bio-
logical denitrification does not produce secondary pollution.
Some new methods with high efficiencies and low con-
sumption have been applied to wastewater treatment in
recent years [3]. These methods include simultaneous ni-
trification and denitrification, short-range nitrification and
denitrification, and anaerobic oxidation.

Microorganisms that are involved in biological deni-
trification include ammonia-oxidizing Archaea (AOA),
ammonia-oxidizing bacteria (AOB), and nitrite-oxidizing
bacteria (NOB) [4]. AOB are Gram-negative autotrophs are
widely found in soil, water, and sewage treatment systems
[5]. There are two categories of AOB: P-proteobacteria,
which includes Nitrosomonas and Nitrosospira, and y-pro-
teobacteria, which includes Nitrosococcus [6, 7]. Archaea has
three main phyla: Euryarchaeota, Crenarchaeota, and
Thaumarchaeota. AOA is another microorganism that can
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oxidize ammonia nitrogen and is more dominant than AOB
in nutrient-poor environments [8, 9]. AOA contains two
main clusters: Thaumarchaeota groups L.la and L1b [10].
Pure strains of Nitrosopumilus maritimus SCM1I [11] and
Nitrosocaldus yellowstonii [12] have been isolated. Pure
cultures of Candidatus Nitrosopumilus sediminis AR2 [13],
Candidatus Nitrosoarchaeum limnia SFBI [14], Candidatus
Nitrosotalea devanaterra [15], and Candidatus Nitro-
soarchaeum limnia BG20 [16] have been obtained from hot
springs, soils, and sediments and through enrichment. NOB
are Gram-negative bacteria that complete the oxidation of
nitrite to nitrate. The NOB Nitrobacter and Nitrospira are
currently used in wastewater biological treatment [17-21].

The majority of microbes (>99%) with crucial envi-
ronmental functions cannot be cultivated under standard
laboratory conditions [22]. Ammonia nitrogen-degrading
bacteria are particularly difficult to culture. Moreover, given
the complexity of the microbial community structure, mi-
croorganisms cannot be effectively separated and cultured
individually. Thus, studying the in situ ecological function of
microorganisms using traditional culture methods is diffi-
cult. Magnetic nanoparticle-mediated isolation (MMI) is a
cultivation-independent method which has been recently
developed for the in situ separation of active functional
microorganisms from complex microbial systems. As a
universal tool for remote operation and control, the mag-
netic nanoparticles (MNPs) can be used to functionalize
living cells, and the MNP functionalization of living cells can
selectively control cells in vivo [23-25]. Therefore, this
technology can provide a powerful tool to identify functional
living cells. After all the microorganisms in the system are
functionalized, a specific contaminant substance is added as
the sole carbon source. Degrading bacteria will then use this
material to multiply quickly, and during the process of
microbial proliferation, the density of MNPs on its surface
gradually decreases, thus eventually losing its magnetic
properties and cannot be captured by an external magnetic
field. After magnetic separation, functional bacteria are
obtained to achieve in situ enrichment and separation of
target microorganisms [26]. Microbial cells that have been
isolated by this technique remain active and can be used in
the study of microbial community structure and ecological
functions.

Some scholars have used MNPs for the separation and
screening of pollutant-degrading bacteria. For example,
Wang et al. [27] used Fe;O4 MNP separation technology to
study alkane-degrading bacteria in soil and experimentally
confirmed that Oxalobacteraceae and Moraxellaceae are
functional microorganisms in the degradation process. In
this study, the composition and properties of the MNPs were
characterized by some methods, and MMI was used for the
first time in long-term domesticated activated sludge sys-
tems, adding urea as a carbon source to enhance the activity
of ammonia nitrogen-degrading bacteria. MMI was used to
realize the in situ separation of functional ammonia ni-
trogen-degrading bacteria, and its effect on ammonia ni-
trogen degradation in an activated sludge system after long-
term domestication was studied. By high-throughput DNA
sequencing, the microbial community structure was
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analyzed to reveal the dominant microorganisms in the
ammonia nitrogen degradation process. Our findings aim to
provide a novel approach for improving the quality of ac-
tivated sludge after long-term domestication.

2. Materials and Methods

2.1. Contaminated Sites and Sample Collection. Activated
sludge was collected from a wastewater treatment plant
(WWTP) in Shanxi Province, China (38°42'N, 110°10'E).
This plant uses sequencing batch reactor activated sludge
process to treat domestic wastewater. The activated sludge
was taken from a sequencing batch reactor in the field. The
operating conditions of the reactor were stable at the time of
sampling, and the removal rates of chemical oxygen demand
(COD) and NH;-N were above 95%. The samples were
filtered, centrifuged, and stored at 4°C for further study.

2.2. Synthesis and Characterization of MNPs. MNPs were
synthesized according to a previously reported method [28]:
1 mL of FeCl, (1.0 M) was mixed with 2 mL of FeCl; (2.0 M).
Then, 25mL of NaOH (2.0 M) was added dropwise to the
mixture. After 30 min of continuous shock, the black Fe;O,
composite MNPs were retrieved using a magnet and then
washed with 30 mL of deionized water several times until the
pH was neutral (7.0). The concentration of synthetic MNPs
was 9.1 g/L.

The morphology of MNPs was investigated by scanning
electron microscopy (SEM, S4800, Hitachi, Tokyo, Japan)
and transmission electron microscopy (TEM, JEM-2100F,
Jeol, Tokyo, Japan). The elemental composition and distri-
bution were determined using TEM coupled with energy-
dispersive X-ray spectroscopy (TEM-EDS, X-MAXN,
HORIBA, Fukuoka, Japan). Nitrogen adsorption-desorption
isotherms were obtained using a QUADRASORB SI
Autosorb-SI analyzer (Quantachrome, Boynton, FL, USA);
the analysis conditions were set to a degassing temperature
0f 100°C and a degassing time of 6 hours, and specific surface
area and pore size distribution were evaluated by the Bru-
nauer-Emmett-Teller (BET) method and the Bar-
rett-Joyner-Halenda (BJH) method. X-ray diffraction
(XRD) patterns of MNPs were recorded on a PANalytical
B.V instrument (X’pert pro MPD, Almelo, Holland) using a
Co source. XRD analysis was carried out to study the
crystallinity of the MNPs on a diffractometer (X’pert pro
MPD, Almelo, Holland) with nickel-filtered Cu Ko X-ray
photoelectron spectroscopy (XPS, ESCALAB 250XI,
Thermo, MA, USA). The measurements were used to de-
termine the compositions and chemical states of the MNPs.
The magnetic properties were measured with a vibrating
sample magnetometer (VSM-Versalab, Quantum Design,
San Diego, USA).

2.3. Functionalization of Sludge Samples. The activated
sludge was functionalized with MNPs according to a pre-
viously reported method [27]. Sludge and nanoparticle
concentrations were determined as follows: 1.0 mL of syn-
thetic MNPs was mixed with 0.01 to 1.099 mg of sludge
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samples. After 5min of slight shaking, and a magnet was
used to attract the magnetized functional sludge. Microbial
concentrations (copies/mL) in the supernatant and mag-
netic-functionalized sludge were determined by real-time
fluorescence quantitative PCR (qPCR).

2.4. Biodegradation of Ammonia Nitrogen. There were four
experimental groups: raw sludge with/without urea (CKU/
CKN) and MNP-functionalized sludge with/without urea
(MNPU/MNPN). Urea was added as the sole carbon source
to the control reaction systems, and 20 mL of 20 g/L urea
solution was added to the reaction system every 3 days.
Ammonia nitrogen was maintained in a supersaturated state
during the experiment. The experiment was conducted at
25°C for 40 days. Samples were collected on days 0, 5, 10, 20,
30, and 40 of the experiment. All the samples from CKU and
CKN were directly stored for chemical and biological
analysis. For water samples from MMI microcosms, the
functional ammonia nitrogen-degrading bacteria were
separated from the inert microbes by a magnet and remained
in the aqueous phase (magnetic-free cells, MFCs), followed
by chemical and biological analysis. MFCs from MNPN and
MNPU samples were designated as MFCN and MFCU,
respectively.

2.5. DNA Extraction, Amplification, and Sequencing.
Sludge DNA was extracted using the phenol-chloroform
extraction method. DNA samples were purified using a
DNA product purification kit (TTANquick Midi Purification
Kit, Tiangen, China). To determine fragment lengths, pu-
rified DNA was resolved via electrophoresis on 1% agarose
gel. The concentration and purity (concentration > 50 ng/uL,
OD 260/280 between 1.8 and 1.2) of DNA samples were
quantified with an ND-2000 UV-Vis spectrophotometer
(NanoDrop Technologies, USA).

Due to the moderate molecular size of 16S rRNA, its
genetic sequence changes slowly during the evolution of
organisms, which can be used to mark the evolutionary
distance and kinship of organisms, becoming the most
commonly used biomarker in current research [29]. To
determine the microbial community structure, the frag-
ments of hypervariable V3V4 variable region of 16S rRNA
genes were amplified with a primer pair of 338F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-
GGACTACHVGGGTWTCTAAT-3'). PCR reactions,
containing 25ul 2x Premix Taq (Takara Biotechnology,
Dalian Co. Ltd., China) and 1 ul of each primer (10 mM) and
3ul DNA (20ng/ul) template in a volume of 50 ul were
amplified by thermocycling: 5min at 94°C; 30 cycles of 30's
at 94°C; 30's at 52°C; and 30 at 72°C; followed by 10 min at
72°C. The length and concentration of the PCR products
were detected via 1% agarose gel electrophoresis, purified by
EZNA Gel Extraction Kit (Omega, USA). Sequencing li-
braries were generated using NEBNext® Ultra™ DNA Li-
brary Prep Kit for Illumina® (New England Biolabs, MA,
USA) following manufacturer’s recommendations, and in-
dex codes were added. Finally, the library was sequenced on
an [lluminaHiseq2500 platform and 250 bp paired-end reads

were generated. Sequence analysis was performed by
Usearch software. Sequences with >97% similarity were
assigned to the same OTU. An OTU is thought to possibly
represent a species.

2.6. Chemistry and Data Analysis. International standard
methods [30] were used to measure NHj;-N, NO;-N, and
NO;-N. The data analysis was performed on Excel 2016.
RDA was processed and plotted using CANOCO 4.5 to
analyze the relationship between ammonia nitrogen deg-
radation efficiency and the functional ammonia nitrogen-
degrading bacteria.

3. Results and Discussion

3.1. MNP Characterization. The TEM images show the
morphology and nanoparticle distribution of MNPs
(Figure 1(a)). The synthesized MNPs were roughly
globular and aggregated together because of magnetiza-
tion (Figure 1(a)). The diameters of the MNP aggregates
were in the range of 50-100 nm. As shown in Figure 1(b),
the MNPs have a diameter of approximately 5-10nm,
which are much smaller than the diameter of the cell. Due
to the small size effect and high surface energy, MNPs
could be efficiently fixed on the surface of microbial cells.
The MNPs had evident lattice fringes, and the crystalline
composition was further elucidated by HRTEM. The
interplanar distances of MNPs were 0.253nm and
0.148 nm, corresponding to the (311) and (440) lattice
planes of Fe;O,, respectively. EDS mapping showed the
distribution of elements (Figure 1(c)). Figure 1(d) clearly
shows that C was mainly distributed in the space between
particles, while O and Fe were uniformly distributed in the
particles.

The representative XRD pattern of the obtained material
is shown in Figure 2(a). The pattern had diffraction peaks at
20 of 30.2°, 35.5°, 43.3%, 53.6°, 57.1°, 62.7°, and 74.2° which
could be assigned to the (311), (222), (400), (422), (511),
(440), and (533) planes of Fe;0, (JCPDS 88-0315). The
elemental composition and chemical states of the Fe;0,@C/
CNFs were further investigated by XPS analysis. According
to the survey scan (Figure 2(b)), there were mainly three
elements, which were C, O, and Fe. The O 1s spectrum
(Figure 2(c)) had two peaks at 530.3eV and 531.8¢V,
corresponding to lattice oxygen (M-O) of Fe;04 and hy-
droxyl groups (-O-H), respectively. The C 1s spectrum
(Figure 2(d)) consisted of three peaks at 285.0 eV, 286.3 eV,
and 288.9 eV, which correspond to carbon bonds (C-C),
carbon oxygen bonds (C-O), and carbon hydrogen bonds
(C-COs), respectively. Two peaks with binding energies at
711.5eV and 724.9 eV were obtained in the Fe 2p spectrum
(Figure 2(e)) and could verify the presence of Fe;O,4. Fe;0, is
a typical magnetic material, and the magnetic hysteresis loop
of the obtained material at maximum field strength of
30 kOe is shown in Figure 2(f). The saturation magnetization
(Ms) of the material was 22.01 emu/g, the coercivity (Hc) was
10522 0e, and the remnant magnetization (Mr) was
1.03 emu/g.
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FiGure 1: The TEM image (a), HRTEM image (b), EDS mapping layered image (c), element C layered image (d), element O layered image

(e), and element Fe layered image (f) of the MNPs.

The N, adsorption-desorption isotherms of MNPs are
shown in Figure 3. MNPs show type II adsorption isotherms,
so the surface area was calculated as 213.180 m*/g by the BET
method (inset). According to the BJH method, MNPs had
typical micropores with pore widths of 0.57, 1.18, and
2.5-4.3nm. The pore volume was 0.092cm’/g. In recent
years, some researchers have developed a series of nano-
materials with nano-Fe;O, as the core. For example,
Kazemifard et al. [31] synthesized a series of magnetic KOH/
Fe;0, at Al,O; core-shell nanomaterials via the incipient
wetness impregnation method, with a maximum surface
area of 20.46 mz/g. Bangari et al. [32] developed Fe;O,-
functionalized boron nitride nanosheets with a surface area
of 119m?/g. It can be seen that the surface area of these
materials is much smaller than the MNPs prepared by the
coprecipitation method in this paper, while the compara-
tively large surface area and pore volume provide more
exposure opportunities and adsorption spaces. This also
provides a large contact area between the magnetic nano-
particles and the cells.

3.2. Optimal Conditions for the MNP Functionalization of
Sludge Microcosm. Microbes in activated sludge are
attracted to synthetic MNPs via strong electrostatic inter-
actions [33]. Magnetic hysteresis loop data (Figure 2(f))
show that MNPs have an extremely strong magnetic force,
and magnetic separation can be achieved with conventional

permanent magnets. Sludge magnetic functionalization re-
sults also showed that cells functionalized with MNPs were
highly magnetic and could be readily collected. To achieve
the highest magnetic functionalization efficiency using the
lowest amount of MNPs, the optimal weight ratio of sludge
to MNPs (from 0.01 to 1,099, w/w) was quantitatively an-
alyzed using qPCR. The functional efficiency of the sludge
was expressed as the ratio of the number of microorganisms
in the sludge to the total (supernatant and sludge) micro-
biological quantity. In this study, 100% magnetic func-
tionalization efficiency of the sludge indicated that all the
microorganisms in the sludge were magnetically function-
alized, whereas 0% indicated that no sludge bacteria were
magnetically functionalized. The magnetic functionalization
efficiency of the sludge is shown in Figure 4. The results
showed that when the ratio of sludge to MNPs was less than
549 (w/w), magnetic functionalization efficiency exceeded
90%. When the ratio of sludge to MNPs exceeded 604 (w/w),
the magnetic functionalization efliciency decreased rapidly.
When the ratio increased to 1099 (w/w), magnetic func-
tionalization efficiency was only 27.9%. The low magnetic
functionalization efliciency likely resulted from the large
sizes of the sludge particles or microbial cells. Also, mi-
crobial cells are functionalized by MNPs via the interaction
of MNPs with functional groups, such as carboxyl groups
(-COOH), thiol (-SH), and amino groups (-NH,), on
microbial cell membranes [27, 34]. Given that all microbial
cells have functional groups, magnetic functionalization is
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FIGURE 2: XRD patterns (a); survey scan (b); O 1s (c), C 1s (d), and Fe 2p (e) XPS spectra; and magnetic hysteresis loop (f) of MNPs.

not selective, and all microbial cells can be magnetized.
Based on the results of the optimization experiment, 5g of
sludge was mixed with 9.1 mg of MNPs for ammonia ni-
trogen biodegradation experiments.

3.3. Ammonia Nitrogen Degradation Experiment. The deg-
radation of ammonia and the change in the concentrations
of nitrite and nitrous nitrogen are shown in Figures 5 and 6.

The concentration of ammonia nitrogen showed a signifi-
cant decrease with time in all groups added with urea (CKU
and MNPU), while nitrate nitrogen and nitrite nitrogen
accumulate continuously, indicating that there are a large
number of active ammonia-oxidizing bacteria in the system
[21]. Ammonia-oxidizing bacteria convert ammonia ni-
trogen into nitrite via ammoxidation, and nitrifying bacteria
convert nitrite to nitrate via nitrification. It can also be seen
from Figure 5 that the ammonia nitrogen degradation
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efficiency of the two groups with or without MNPs increased
gradually as the reaction progressed. After 20 days, the
degradation efficiency exceeded 90%, indicating that MNPs
had no effect on the bacterial activities or the ammonia
nitrogen degradation performance [26]. And this is similar
to the results of separation of functional alkane degradation
agents using magnetic nanoparticles by Wang et al. [27]. The
long-term acclimated sludge already contains a large
number of target pollutant-degrading microorganisms.
From Figure 6, it can be seen that after introducing a new
pollutant, urea, in the long-term domesticated sludge, the
concentrations of nitrate nitrogen and nitrite nitrogen were
slightly higher than the samples without MNPs, indicating
that functional microorganisms in the process of pollutant
degradation can be enriched more thoroughly by adding
MNPs in this system, and then the conversion of ammonia
nitrogen into nitrous nitrogen and nitrate nitrogen may be
promoted more completely. Therefore, the addition of
MNPs can improve the quality of long-term acclimated
sludge and make it more suitable for newly introduced
pollutants.

3.4. Microbial Community and Diversity Analysis

3.4.1. Microbial Diversity in the Samples. High-throughput
sequencing analysis was performed with DNA from CKN,
CKU, MNPN, and MNPU samples. The microbial diversity
index (Shannon) is obtained, and the results are shown in
Figure 7. Shannon is the index commonly used to estimate
microbial diversity and reflect alpha diversity in a sample.
The larger the Shannon value, the higher the community
diversity.

The Shannon indexes of microbial diversity in CKN and
CKU were not significantly different. The former ranged
from 8.38 to 8.75, and the latter ranged from 8.42 to 8.65. On
day 0, the Shannon indexes of MFCN and MFCU were
similar at 3.32 and 3.64, respectively. The Shannon index of
MNPN did not significantly change (3.19-3.32) during the
experiment; this finding indicates that the number of mi-
crobial communities remained stable in this system. The
Shannon index of MNPU gradually increased (3.64-5.12) as
the experiment progressed, indicating that more microor-
ganisms with ammonia nitrogen degradation function
appeared in this process. Compared with the system without
MNPs, it shows that only a part of the microorganisms can
degrade ammonia nitrogen in this microbial community.
On the contrary, it also shows that MMI can effectively
isolate active functional microorganisms to improve the
sludge quality after long-term domestication and make it
more adaptable to external environmental changes.

3.4.2. Community Composition Analysis at the Phylum Level.
Microbial classification based on phylum is shown in Fig-
ure 8. There was no significant difference between CKN and
MNPN treatments, indicating no microbial community
change in the groups with or without MNP functionaliza-
tion. Thus, MNP functionalization did not change the mi-
crobial activities or community structure.
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Sequence comparison in the constructed libraries
revealed that the dominant bacterial phyla include Pro-
teobacteria, Chloroflexi, Bacteroidetes, Spirochaetae, Fir-
micutes, and Gemmatimonadetes. Proteobacteria (44.3%—
65.1%) was the absolute dominant population in all samples
[35]. Proteobacteria species are facultative or obligate an-
aerobes and are Gram-negative bacteria [36]. As reported by
Wang et al. [37], in samples of activated sludge collected
from a domestic sewage treatment plant after traditional
long-term domestication, Proteobacteria finally accounted
for 67.3% of total effective bacterial sequences, which was
consistent with the result observed in this study. Proteo-
bacteria include ammonia-oxidizing, nitrite-oxidizing, and
denitrifying bacteria, which play an important role in the
biological removal of nitrogen [38]. In CKU and MNPU, the

number of Proteobacteria gradually increased from 49.9%
(MNPU-0) and 48.9% (CKU-0) to 65.0% (MNPU-30) and
63.2% (CKU-30). On the one hand, the increasing degra-
dation rate of ammonia nitrogen indicates that ammonia-
and nitrite-oxidizing Proteobacteria can use urea as a carbon
source. On the other hand, it also shows that the addition of
MNPs has a certain enrichment effect on functional mi-
croorganisms. During days 30-40 of the reaction, the
number of Proteobacteria decreased to 61.1% (MNPU-40)
and 60.8% (CKU-40); this decrease likely resulted from the
decreased nutrient availability in the system at the late stages
of the experiment. The decrease mentioned above may fa-
cilitate the increase of autotrophic bacteria, such as Firmi-
cutes and Bacteroidetes; these phyla occupy some of the
ecological niches of Proteobacteria [39]. In CKN and
MNPN, the number of Proteobacteria gradually decreased.
This result could also be attributed to dwindling carbon and
nutrient concentrations in the system, and heterotrophic
microorganisms are also less likely to survive as the carbon
nutrient source decreases, thus changing microbial diversity.

Chloroflexi accounted for 6.0%-14.3% of the bacterial
phyla in the system. Chloroflexi comprise Gram-negative
and facultative or obligate anaerobic bacteria, with impor-
tant roles in the degradation of organic matter (such as
CODg,) [40]. In the four experimental groups, the number
of Chloroflexi decreased during the later stages of the ex-
periment. This decrease may be related to the gradual de-
pletion of organic matter.

Bacteroidetes (8.3%-11.2%) are the third most dominant
bacterial phylum in the reaction system. Bacteroidetes in-
clude Gram-negative, organic-nutritive bacteria, and some
nitrogen-resistant bacteria (such as Sphingobacteria) that
are implicated in denitrification. Certain Bacteroidetes
species can also hydrolyze complex solid organic matter,
such as proteins and lipids [41]. Hence, in CKU and MNPU,
the number of Bacteroidetes gradually increased as the
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experiment progressed. The increase in the number of
Bacteroidetes is related to its two functions mentioned
above. However, in CKN and MNPN, the number of
Bacteroidetes decreased significantly. This decrease is likely
related to the decrease in organic matter concentration.

3.4.3. Community Composition Analysis at the Family and
Genus Levels. In order to understand the effect of MNPs on
the community structure during ammonia nitrogen degra-
dation, the bacterial community composition was also ana-
lyzed at the taxonomic level of the family and genus (Figure 9).
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The dominant genera included Comamonadaceae_unclassified

(32.2%-43.5%), Thiobacillus (4.4%-15.0%), Anaerolinea-
ceae_uncultured (3.1%-8.6%), Leptonema (5.5%-8.1%),
NS9_marine_  group_ norank (5.2%-6.6%), Bdellovibrio

(2.3%-4.9%), Gemmatimonadaceae_uncultured (1.2%-5.2%),
and Woodsholea (0.7%-2.8%).

In MNPU and CKU, the population of Comamonada-
ceae_unclassified, Thiobacillus, Leptonema, and Gemmati-
monadaceae_uncultured and the degradation rate for
ammonia nitrogen gradually increased from the start of the
reaction to approximately 30 days of the experiment. After
30 days, the bacterial population and degradation rate both
decreased.

Among them, the changes in the numbers of -Pro-
teobacteria Comamonadaceae_unclassified and Thiobacillus
were the most obvious. In addition, Park et al. [42] observed
that in the process of processing high-intensity nitrogen
wastewater through a hollow fiber-membrane biofilm re-
actor system, the Comamonadaceae and Thiobacillus were
also the dominant bacteria. Comamonadaceae_unclassified,
which has excellent ammonia-degrading ability, is present in
nitrification-denitrification activated sludge [43]. Thio-
bacillus is mainly present in sediments and moist soils.
Thiobacillus denitrificans in genus Thiobacillus is a sulfur
autotrophic and denitrifying bacterium [2]. T. denitrificans
is a common bacterium in sewage treatment. T. denitrificans
utilizes nitrates as electron acceptors to produce nitrogen
under limited carbon conditions. This microbe also oxidizes
sulfur-containing compounds to form sulfates [44, 45].
Figure 9 shows that the population of Thiobacillus signifi-
cantly increased at all stages (MNPU: 7.3% to 15.0%; CKU:
7.2% to 12.2%). This increase is related to the strong nitrate-
reducing capacity of Thiobacillus. Therefore, Comamona-
daceae_unclassified and Thiobacillus should dominate the
degradation of ammonia nitrogen. In the experimental
group with MNPs, the active nitrogen degraders gradually
lost their magnetic properties due to splitting, and remained

in the MFCU component. Therefore, the populations of
these two bacteria were higher in MNPU than CKU, which
further confirms that the MNPs had a good aggregation
effect on the functionalized degradation bacteria.

The population of Leptonema and Gemmatimonada-
ceae_uncultured increased with the degradation rate of
ammonia nitrogen. This change, however, was not very
obvious. Leptonema belongs to Leptospirosis. Gemmati-
monadaceae_uncultured is a class of Gram-negative
bacteria. Zhang et al. [46] successfully isolated Gemma-
timonas aurantiaca, which belongs to Gemmatimona-
daceae, and found that it has a high capacity for
phosphorus degradation. At present, studies on these two
bacteria are limited.

In addition, Anaerolineaceae_uncultured, which belongs
to Chloroflexi, was present in the reaction system. This
microbe, which can degrade carbohydrates, amino acids,
and other cell materials, is usually present in the soil. Studies
have also shown that this microbe can decrease the con-
centration of sulfide and ammonia in the soil [47]. Guo et al.
[48] found that Anaerolineaceae_uncultured and
NS9_marine_group_norank were relatively rich in a se-
quencing batch reactor (PNSFD-SBR), and both Anaeroli-
neaceae_uncultured and NS9_marine_group_norank
dominated the sludge fermentation and denitrification
process. Moreover, the population of these two bacterial
species initially decreased and then increased. This pattern
likely occurred because the bacteria gradually adapted to the
new environment in the process, thus improving nitrogen
removal.

Bdellovibrio is a class of parasites that can infect and
attack microorganisms and cause microbial cleavage.
Bdellovibrio has a strong ability to lyse protein and can use
the amino acids of host cells to grow and reproduce [49].
These bacteria are ubiquitous in nature and can be detected
in sewage, sediments, and contaminated rivers at various
stages of treatment.
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From Figures 8 and 9, the increase and decrease of
dominant bacteria in CKN were consistent with MNPN,
indicating that the MNPs do not adversely affect ammonia
nitrogen degradation. In the meantime, the external carbon
source promoted the succession of the sludge community
structure via long-term domestication, and the addition of
MNPs improved the community structure to a certain extent
and made it more adaptive to changes in the external
environment.

3.44. RDA Analysis of Dominant Bacterium. Figure 10
shows the RDA of the dominant bacterium and major
environmental factors. It provided further evidence that
Comamonadaceae_unclassified and Thiobacillus were highly
correlated with the ammonia nitrogen removal rate. It has
been proved again that MNPs have a good aggregation effect
on functional degrading bacteria. This method provides
opportunities for deeper insights into the actual roles and
ecological traits of the activated sludge and helps in effective
management for WWTPs.

4. Conclusions

In the present study, the functional nitrogen degraders were
identified from the active sludge after long-term treatment.
We found that the degradation efficiency of ammonia ni-
trogen gradually increased with the progress of the reaction
in the two experimental groups with an added carbon
source. Ten days after the start of the reaction, the degra-
dation rate of ammonia nitrogen exceeded 80% and with a
maximum value of 91.6%. The degradation rates in MNPU
were higher than those in other samples, which indicated
that MNPs enriched the numbers of ammonia nitrogen-
degrading bacteria and increased the degradation rate of
ammonia nitrogen.

High-throughput sequencing revealed that the Shannon
indexes of CKU, CKN, and MNPN were stable over the
whole experimental period. However, the Shannon index of
MNPU increased continuously during the reaction, indi-
cating that functional nitrogen degraders gradually domi-
nated the reaction system and that the MNPs successfully
separated ammonia nitrogen-degrading bacteria from the
system.

Analysis of the microbial community structure revealed
that at the phylum level, Proteobacteria, Chloroflexi, and
Bacteroidetes dominated the microbial community. At the
family and genus levels, Comamonadaceae_unclassified,
Thiobacillus, and Anaerolineaceae_uncultured dominated.
RDA showed that Comamonadaceae_unclassified and Thi-
obacillus were identified as the functional nitrogen degraders
in the system. The differences in the community structure of
the nitrogen degraders between groups with or without
MNPs suggested that MMI is an efficient method for
identifying functional yet uncultivable degraders for con-
taminant in situ. Our work also proves that the addition of
MNPs can improve the long-term acclimated sludge and
make it more adaptable to the newly introduced pollutants.
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Over the past five years, a lot of research activities in polymer composites were done in order to improve environmental
sustainability and to present advantages for commercial applications of water treatment and desalination. Polymers offered
tunable properties, improved processability, remarkable stability, high surface area for fast decontamination, selectivity to
eliminate different pollutants, and cost-cutting of water treatment. Hence, the development of polymeric materials is one of the
future directions to meet the environmental water standards and to supply the water requirements of the growing populations.
This review highlighted the very recent achievements in fabrication, characterization, and applications of polymeric composites
used for water treatment and desalination. The polymeric modifications, the addition of functional groups, and the assemblies of
nanomaterials were also discussed in detail. In particular, great attention was paid to the recent advances in polymer/polymer
composites, polymer/carbon composites, and polymer/clay composites, presenting their usage in the removal of various types of
contaminants, e.g., metal ions, dyes, and other toxic pollutants. The review also summarized the main advantages and disad-
vantages of the different adsorbent materials. Specific attention was paid to the mechanism of adsorption, including chemi-
sorption and physisorption mechanisms. In addition, the challenges and the future perspectives were identified to reach the

optimal performance of the different adsorbents.

1. Introduction

Polymer composites are defined as a combination of
polymers with other organic or inorganic materials to
provide new material with target properties, like low density,
toughness, stiftness, thermal behavior, chemical and me-
chanical stability, and other specific properties depending on
the target of use. A lot of polymer composites were intro-
duced with significant use in water treatment and desali-
nation, including graphene-based composites, carbon-based
composites, and clay-based composites [1-3].

The polymer composite research was offered due the
need for materials with better adsorption and removal
characteristics of metal ions, dyes, and other toxic pollutants.
The polymers used for these composites have been mainly
classified on the basis of source (natural and synthetic
polymers) and also on the basis of structure (linear,

branched, and crosslinked polymers). This review describes
the source and the structure of these polymers and their
composites, properties, and applications in water treatment
and desalination as follows [4-8].

2. Polymer-Polymer Composites

Polymers are organic materials with a number of excellent
characteristics, namely, high mechanical strength, remark-
able flexibility, chemical stability, and high surface area.
These properties made polymers work as a host for different
organic and inorganic materials. Thus, we became able to
synthesize different composites with target properties.
Hence, polymer composites have attracted much attention
for water treatment and desalination. Polymer-polymer
composites offered the possibility of tuning the adsorptive
properties through blending, crosslinking, and surface
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functionalizing. The main advantages of this category of
composites are the simplicity of preparation and applica-
tions, the high chemical stability at the harsh operation
conditions, the use for the removal of a wide range of
pollutants, and the good recyclability with high adsorption
capacities. However, on the other hand, the main drawback
is still the high cost of production.

2.1. Polymer-Based Adsorbents for Dye Removal. A lot of
polymer-polymer composites were synthesized and offered
for the purpose of dyes removal from wastewater. For ex-
ample, Elkady et al. synthesized a copolymer of styrene and
acrylonitrile through a solution polymerization process. The
obtained copolymer was fabricated to a nanofiber through
an electrospinning technique. Then, the surface of this
nanofiber was functionalized by the chemical addition of
carboxylic acid groups to improve the dyes absorptivity [9].
The scanning electron microscopy (SEM) confirmed the
changes of the nanofiber after the functionalization process,
indicating a uniform shape for the carboxylated nanofibers
compared to the nonfunctionalized nanofibers. These
morphological changes affected the adsorption process of
dyes from wastewater. Specifically, the adsorption capacity
of the basic violet dye reached 67.11 mg/g in less than 30 min
after the surface modification of the nanofiber.

With no doubt, the low specific surface area and the lack of
surface porosity of these two polymers could not be the key
factors to achieve such adsorption. Hence, it can be said that the
charged groups created on the surface of the copolymer as well
as the morphological changes of the nanofiber structure have
played important roles to reach such high adsorption value. In
this regard, a low-cost, multifunctional, and straw based ad-
sorbent was synthesized by immobilizing ternary carboxylic
acid and acrylamide units on straw powders. As reported in this
study, the abundant carboxyl and amino groups added to the
composite structure have provided a high adsorption capacity of
dyes removal. In particular, the adsorption capacities for MB
and MO reached 120.84 and 3053.48 mg/g, respectively, which
were 3 and 54 times higher than those of unmodified straw [10].

Cyclodextrin-based composites have also drawn a wide
attention as a new generation of adsorbents for dye removal
from wastewater due to their extraordinary physicochemical
properties and cavities [11-13]. These advanced structural
properties of cyclodextrin composites promoted the prac-
tical industrial application compared to native cyclodextrin
itself [14]. The recent advances of these novel composite
materials were reviewed by Zhou et al. [15]. For example,
cyclodextrin polymer was crosslinked with polydopamine to
prepare an eco-friendly composite for the removal of dif-
ferent dyes. The high adsorption efficiency of these dyes was
correlated to the new structural characteristics and the
functional groups of the polymer composite [16]. B-Cy-
clodextrin immobilized with starch showed similar behavior
for dye removal from wastewater [17]. The obtained irreg-
ular surface and the functional groups of the f3-cyclodextrin-
starch composite (i.e., COOH, NH,, and OH) played sig-
nificant roles in the dye capture and removal compared to
each of f-cyclodextrin and starch separately. It is worth
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noting that the pores as well as the functional groups of the
composite have improved the interparticle diffusion and the
electrostatic interaction of the dyes. Thus, a high adsorption
value was attained. In a similar study, an efficient composite
for dyes removal was successfully synthesized by grafting
cyclodextrin and amino hyperbranched polymer onto cot-
ton fibers. This composite also showed remarkable ad-
sorption properties for dye removal thanks to the created
functional groups [18].

In the same direction, cellulose extracted from agro-
wastes was grafted with the monomers of 2-acrylamido-2-
methylpropane sulfonic acid and acrylic acid in the presence
of a crosslinker to obtain highly efficient polymer composites
for dye removal. The SEM image of the obtained polymer
composite (Figure 1) showed smooth and long fiber-like
threads for untreated cellulose; however, in the case of the
crosslinked graft copolymers, flaky and highly thick threads
were obtained, indicating surface functionalization of cel-
lulose. The adsorption behavior of this cellulose composite
was investigated towards the elimination of cationic (mal-
achite green and crystal violet) and anionic (Congo red; CR)
dye from aqueous medium, studying the effect of different
adsorption parameters. As discussed, the cationic dyes were
removed at pH 7.0 in 90 min, while the anionic dye was
adsorbed at pH of 2.2 in 8 h. The adsorption data fitted well
the Langmuir isotherm and the pseudo-second-order model.
This study showed that cellulose based copolymers can work
as potential adsorbents for uptake of both anionic and
cationic dyes from industrial wastewater [19]. Cellulose as a
natural polymer was also functionalized with a hyper-
branched polyethylenimine for selective removal and sep-
aration of different dyes. Specifically, polyethylenimine was
covalently linked to the backbone of cellulose molecules
through a Schift-base formation. The NH, groups of poly-
ethylenimine and the CHO groups on oxidized-cellulose
were linked together, forming a polymer composite. The
adsorption behavior of the formed composite was investi-
gated for the elimination of CR and basic yellow dyes in
aqueous media. The maximum adsorption capacity of
Congo red dye reached 2100 mg/g and 1860 mg/g for basic
yellow dye. The composite also showed selective adsorption
of different dyes, including reactive red and brilliant blue;
however, the absorptivity was very low for eosin and bright
yellow dyes [20]. It is worthy of note that the hyperbranched
structure of the polymer composite worked as a brush,
improving the interparticle diffusion of some dye molecules
into the composite (depending on the dye size). Thus, a
higher adsorption capacity and selectivity is obtained.

In this regard, diethylenetriamine was incorporated with
polyacrylonitrile using the electrospinning technique to
prepare a composite with a high adsorption efliciency of
dyes. The morphology of the prepared composite was in-
vestigated by SEM. After the composite formation, the
surface of the nanofiber became rougher compared to the
untreated fiber (see Figure 2). This roughness was a result of
the incorporation of diethylenetriamine units. This chemical
modification of the composite structure affected the removal
efficiency of the direct dyes. Also, it is important to note that
the amount of dye adsorbed had been affected by the ratio of
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FiGure 1: SEM images of cellulose (a) before and (b) after copolymerization with 2-acrylamido-2-methylpropane sulfonic acid and acrylic

acid (reproduced with a permission from [19]).

(a)

FIGURE 2: SEM images of diethylenetriamine incorporated with polyacrylonitrile (a) before and (b) after surface modification (reproduced

with a permission from [21]).

the diethylenetriamine added to the composite, indicating
how important the composition ratio is in the composite
[21].

2.2. Polymer-Based Membranes for Desalination and Oil
Removal. Desalination process is a technique for the re-
moval of mineral components from saline water. For that
target, many polymer composites were introduced with high
potential. For example, a composite membrane of polyvinyl
alcohol, cellulose acetate, and polyethylene glycol was pre-
pared and introduced for desalination of groundwater and
extremely saline seawater. The values of both water flux and
salt rejection were evaluated as a measure of membrane
efficiency. The antimicrobial activity was also evaluated for
different types of bacteria. The composite membrane showed
excellent performance for the desalination of groundwater
and the saline water. The flux reduction was reduced sig-
nificantly when polyethylene glycol was added to the
composite structure. The composite structure showed a
remarkable performance for antimicrobial activity [22].

In a recent study, a composite membrane was prepared
by the addition of p-nitrophenol (PNP) as a plasticizer to
cellulose triacetate. The properties of this membrane were
tuned to improve its use for desalination as follows. The

pristine cellulose triacetate membrane was firstly soaked in a
PNP solution and then rinsed with water to obtain the target
membrane. This modified membrane showed a reduced salt
flux without disclosing the water flux. Accordingly, it
showed improved water-salt selectivity [23]. The structural
characteristics of cellulose triacetate and modified cellulose
triacetate films were evaluated through photo images and
polarized optical microscopy images (see Figures 3(a) and
3(b)). Typically, the pristine cellulose triacetate film showed
whiteness and opaqueness (Figure 3(a) upper panel), indi-
cating the presence of a crystalline region as confirmed by
the birefringence of Figure 3(b) (upper panel). This crys-
talline structure disappeared in the swelled cellulose triac-
etate film due to the presence of PNP moieties (Figure 3(a),
middle panel). The water rinsing led to the retrieval of the
whiteness and the impermeable properties of the cellulose
triacetate film and also the birefringence (Figures 3(a) and
3(b), lower panels), indicating the recrystallization of the
cellulose triacetate polymer chains.

The role of PNP treatment in tuning transport properties
during the desalination process was illustrated in Figure 4.
As seen from image a, untreated cellulose triacetate mem-
brane contained a large crystallite region embedded into an
amorphous region. Then when soaked into PNP
(Figure 4(b)), both the crystalline and the amorphous
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FiGure 3: (a) Digital photos and (b) polarized optical microscopy images of cellulose triacetate and modified cellulose triacetate films

(reproduced with a permission from [23]).

regions swelled where PNP worked as a plasticizer to en-
hance the chains flexibility. When the polymer matrix was
rinsed with water, a rearrangement of the cellulose triacetate
chains was obtained, leading to a recrystallization process of
the polymer chains (Figure 4(c)). This process formed
smaller crystallites; thus, an increase in the amorphous and
crystalline regions is obtained. Hence a reduction in the
number of nonselective pathways is obtained.

Quaternary ammonium modified polystyrene resins
were prepared to improve the oil removal capability of
polystyrene. Specifically, the quaternary ammonium

surfactants were firstly ion-exchanged with the sulfonic acid
groups of polystyrene resin. The formed composite was then
grafted with hexadecyl pyridinium, hexadecyltrimethyl
ammonium, and tetrabutyl ammonium bromides to change
the surface electrostatic and hydrophobic characteristics of
the resin. This process made the resin more reactive for the
removal the oil droplets by the coalescence filtration process,
because a strong hydrophobic and less negative charged
resin is obtained [24]. In this regard, Xuanyi Tang et al.
prepared a composite of fibric peat modified by hex-
adecyltrimethylammonium bromide to improve the
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FIGURE 4: A schematic illustration of desalination using PNP treated cellulose triacetate (reproduced with a permission from [23]).

sorption performance of polycyclic aromatic hydrocarbons.
It is worth noting that this technique enhanced the hy-
drophobicity of the fibric peat, leading to enhancement in
the sorption rate and capacity of polycyclic aromatic hy-
drocarbons from wastewater [25].

2.3. Polymer-Based Adsorbents for Heavy Metals Removal.
The development of the industrial technology has led to the
problem of heavy metals which are discharged to the en-
vironment through the wastes of painting and electroplating.
The adsorption process of heavy metals using low-cost
materials is one of the most potential techniques for the
removal of heavy metals from wastewater. At present,
polymer-polymer composites are receiving a great deal of
attention, since they have potential absorptivity, improved
stability, and high mechanical feasibility. Copolymerization
of polymers is a technique in which two polymers or more
are combined together to produce a new material with a
target application. For water treatment purposes, the co-
polymerization process has provided an improvement for

the adsorption capacity of single polymers, also improving
the polymers aggregation in alkaline medium and polymer
disintegration in aqueous solution. The removal mechanism
using copolymers is illustrated in Figure 5. The size exclusion
mechanism of Figure 5 is the most predominant mechanism
of metals removal since the polymer composite membrane
worked as a physical barrier. One of the key factors that
control the size exclusion mechanism is the pore size of the
membrane and the particle size of the target contaminants
[26].

Very recently, Checkol et al. [27] showed a polymer-
polymer matrix of polystyrene sulfonate/3,4-ethyl-
enedioxythiophene and lignin for the elimination of heavy
metals. The polystyrene moieties in the composite made the
copolymer work as a cation exchanger, and the sulfonate
groups and the lignin moieties enhanced the adsorption
capacity of the toxic metals due to the various binding sites
on the composite. This study showed that lead ions were
adsorbed/desorbed on/from the polymer composite in
neutral media when a negative/positive potential was se-
quentially applied. The adsorption capacity reached
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FIGURE 5: Size exclusion/steric hindrance mechanism by low pressure membrane.

245.5 mg/g by the polymer-polymer composite and almost
doubled (452.8 mg/g) when lignin moieties were added to
the polymer mixture. In this regard, poly(styrene-maleic
anhydride) copolymer was modified with cyclopropane and
tetramethylenediamine to fabricate a highly adsorbent
polymer composite for the elimination of heavy metals. The
adsorption selectivity of the metal ions was investigated by
the formulated composite at various conditions. The com-
posite showed a high tendency for the removal of some
selected metal ions. The affinity order of the composite was
copper (II) > zinc (II) >lead (II). The kinetic studies indi-
cated that the adsorption onto the composite followed the
pseudo-second-order kinetics and the Langmuir adsorption
isotherm [28]. Also, in a recent study, glycidyl methacrylate
was grafted with starch. The resultant composite was further
coated with polyamine through a cycloaddition between the
NH, of diethylenetriamine and the epoxy groups of glycidyl
methacrylate. This polymer composite showed improved
adsorption properties towards the heavy metal ions, in
particular Cu and Pb ions. The adsorption behaviors were
explained by a chelation interaction [29].

Porous organic polymers show promising applications
in the area of wastewater treatment. Yu et al. introduced a
general synthetic route for the porous organic polymer
composites which have been used as efficient adsorbents of
heavy metals. Specifically, they covalently linked cyclodex-
trin and EDTA-modified chitosan by pentafluoropyridine to
obtain a porous organic polymeric composite using pen-
tafluoropyridine as an environmentally benign solvent. The
new polymer composite showed a fast kinetic process for the
adsorption of many heavy metals. More importantly, the
composite showed five cycles of use with a 91% adsorption
capacity at the fifth cycle. The host-guest inclusion and the
chelating effects were the reasons for the high removal ef-
ficiency of these polymers [30].

Conducting polymer-based composites are receiving a
great deal of attention owing to their potential applications
for the elimination of different metal ions. Polypyrrole is a
conducting polymer with remarkable properties for the

elimination of heavy metals because of its simple preparation
process and its biocompatibility properties [31]. Different
metal ions were efficiently removed using polypyrrole based
composites, in particular, polypyrrole-polyaniline compos-
ites, which contained both imine and amine groups that
chelated metal ions species through an electrostatic inter-
action and hydrogen bonding [31].

Understanding how the functional groups of the poly-
mer composite affect the interaction with the heavy metals is
of great interest as it will support the future studies to reach
the optimum removal efficiency of the target pollutants. For
that purpose, Zhang et al. prepared a biosorbent using pine
sawdust and citric acid to simultaneously remove the copper
ions from wastewater. The study indicated that the func-
tional groups of the composite (hydroxyl and carboxyl) were
the reason behind the high adsorption capacity of the copper
ions. Specifically, at pH > 3, COOH groups transformed to
COO™ groups. Hence, there was an electrostatic interaction
between the positive copper ions and the negative charges of
the composite. Moreover, the hydroxyl groups contributed
to the adsorption of copper ions through a hydrogen
bonding network [32].

3. Polymer-Carbon Composites

Carbon is an atom with a unique electronic structure, able to
form covalent bonds with many other metals and nonmetals.
Carbon can exist in different molecular forms. Therefore, a
lot of different carbon nanomaterials were synthesized and
were used for different applications. Carbon at the nanoscale
has many unique properties compared to the other adsor-
bent materials, namely, high mechanical properties, high
electrical conductivity, and high thermal stability. Carbon
nanomaterials are classified into different types based on the
carbon shape and the geometrical structure. To date, acti-
vated carbon, carbon mesosphere, carbon nanotubes,
graphite, and graphene are well known carbon nano-
materials and have been used for different applications. The
polymer composites of carbon nanomaterials are receiving a
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great deal of attention in different applications, particularly
in water treatment and desalination, where the polymer
composites of carbon materials possessed excellent prop-
erties like high aqueous solubility, large surface area, and
enhanced thermal and mechanical stability. These remark-
able properties were favorable for the elimination of organic
and inorganic pollutants from wastewater. In the following
sections, the synthesis, characterization, and water treatment
applications of different types of polymer-carbon compos-
ites are discussed.

3.1. Polymer-Based Carbon Nanotubes Composites.
Carbon nanotube (CNT) is a form of the nanocarbon
materials with a one-dimension cylindrical nanostructure.
CNT possesses an extraordinary graphic nature with a high
surface area making it a promising candidate for water
treatment and desalination. Despite all these excellent
properties, CNTs lack surface functional groups and also
possess poor dispersibility in aqueous media. These limi-
tations resulted in a low adsorption performance when
CNTs are used as adsorbents. Accordingly, the surface
functionalization of CNTs is an important research target in
order to improve the water dispersibility and the adsorption
performance of CNTs.

3.1.1. For Oil Removal. In a recent study singled-walled
CNTs were added to a copolymer membrane of poly(N-
isopropylacrylamide)-co-(acrylamide) for the separation of
water-oil mixture (see Figure 6). CNT is used for that
purpose because it has an oleophilic property. The fabricated
singled-walled CNTs-based copolymer membrane showed a
99.99% removal of oil. The photothermal-response property
of the singled-walled CNTs-based membrane was noticed to
increase the flux of water by light illumination. [33] These
research results promoted the applications of CNTs-based
polymer for oil removal and stimulated the research groups
to find new polymer composites based on CNTs.

In a recent study, multiwalled CNTs were incorporated
into a block copolymer of polysulfone/polyether to form a
CNTs-polymer membrane which is used to separate oil from
water-oil mixture. The study showed the effect of multi-
walled-CNTs ratio on the removal efficiency of oil. As no-
ticed, the increase of multiwalled CNTs up to 2.0 wt% has
improved the oil rejection of membrane from 91.4% to
99.79%. The permeation flux has increased three times when
multiwalled-CNTs loading ratio reached 0.5wt%. The fur-
ther increase of multiwalled-CNTs loading ratio above 2 wt%
has led to a 30% decrease in the permeate flux [34]. These
studies showed how CNTs are promising candidates for
enhancing the removal efficiency of oil from water-oil
mixture where CNTs offer self-cleaning and antifouling
functions to the polymeric membranes.

3.1.2. For Heavy Metal Removal. Polymer functionalization
(physical or chemical) of CNTs is considered as one of the
most effective routes to enhance not only the CNTs ad-
sorption properties, but also their hydrophilicity and water

solubility. This kind of functionalization showed remarkable
electric conductivity and mechanical properties. CNTs were
grafted with different polymers to synthesize efficient
nanoadsorbents of heavy metals. For example, poly-
hydroxybutyrate-grafted-CNT composite was synthesized
and applied as a nanoadsorbent for the elimination of As, Cr,
Pb, Cd, Cu, Ni, Zn, and Fe metal ions from industrial
wastewater through a batch adsorption process. As proved in
this study, the polymer functionalization lowered the degree
of agglomeration of CNTs, leading to a significant en-
hancement in the adsorption characteristic of CNTs. The
mechanisms of adsorption by this CNT-polymer composite
were ion exchange and electrostatic forces [35].

CNTs coated with polyamidoamine were also synthe-
sized as a nanoadsorbent and applied for the adsorption of
Co, Zn, and As. Notably, the adsorption capacities of the
studied metal ions were 432, 494, and 470 mg/g for As, Co,
and Zn ions, respectively [36]. In another study, CNTs were
incorporated into a polymer hydrogel comprising poly-
acrylamide and sodium alginate. In this hydrogel, poly-
acrylamide worked first as flexible network, and then the
addition of sodium alginate constructed the rigid network.
The addition of CNTs was done to reinforce the mechanical
strength and elasticity of the polymer composite structure as
well as enhancing the adsorption properties of the polymer
composite. This composite exhibited a macroporous
structure with a very low density and a high water content,
thanks to the addition of CNTs. The adsorption capacity of
the fabricated polymer-CNT composite was 1.28 times
higher than that of polymer composite only. Figure 7 simply
summarizes the synthetic route of this polymer-CNT
composite, its morphological structure, and its adsorptive
characteristics [37]. Also in another study, polyaniline
grafted multiwalled-CNT composite was prepared by an
oxidation polymerization process. This composite was then
doped with para-toluene-sulfonic acid hydrophilic groups.
The addition of such para-toluene-sulfonic acid groups
provided the polymer-CNT composite with additional
functional groups that were able to enhance the water
dispersion of the composite as well as increasing the ad-
sorption characteristics towards chromium ions which are
bound to the adsorbent via its amine, imine, and hydroxyl
functional groups [38].

3.1.3. For Dye Removal. The composite research of CNT's
has attracted much attention to improve CNT-surface
characteristics and accordingly enhance its absorptivity of
organic pollutants, in particular organic dyes. Surface
functionalization of CNTs with polymers is a facile approach
to fabricate nanoadsorbent-based CNTs with enhanced
adsorption capability of dyes. In a recent study, multiwalled
CNTs were grafted with poly(sodium-p-styrene sulfonate).
Specifically, CNTs were first coated with dopamine and then
self-polymerized to produce polydopamine-CNT composite.
The obtained functional polydopamine-CNT composite
showed remarkable water dispersibility with enhanced re-
moval of methylene blue dye at various adsorption condi-
tions. The adsorption capacity reached 174 mg/g after 25 min
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[39]. Another composite based on grafting polyaniline on
the surface multiwalled CNTs was recently offered with
enhanced adsorptive properties of alizarin yellow dye. The
composite was prepared through in situ polymerization of
surface oxidized multiwalled CNTs [40]. The maximum
adsorption capacity for alizarin yellow dye by this polymer-
CNT composite was 884.80 mg/g. The data of the adsorption
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FIGURE 7: (a) Schematic illustration of composite formation, (b) SEM image of the freeze-dried polymer network hydrogel, (c) a magnified
area of CNT distributed in the polymer matrix, and (d) polyacrylamide-sodium alginate-CNT composite (reproduced with a permission
from [37]).

behavior fitted well the pseudo-second-order and the
Langmuir isotherm models, respectively. Additionally, the
energy changes of the composite showed that the adsorption
of alizarin yellow dye was exothermic and spontaneous in
nature. Accordingly, this polymer-CNT composite could
work as a potential adsorbent for the removal of other
organic dyes.
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3.2. Polymer-Graphene Composites. Graphene is a 2D car-
bon-based material with a single layer of carbon atoms.
Graphene has very interesting physicochemical properties
which make it an attractive material for many applications.
[41] Graphene-based composite materials are gaining a lot of
research interest as nanoadsorbents because such compos-
ites possess a three-dimensional structure which provides a
higher porosity and a larger specific surface area and aspect
ratio, as well as excellent electrical conductivity, mechanical
properties, and thermal stability. Hence, a higher absorp-
tivity of organic and inorganic pollutants can be easily
obtained. Graphene composites can also be fabricated into
membranes for ultrafiltration systems. Therefore, graphene-
based composites are excellent candidates for water treat-
ment and desalination.

Polymer-graphene composites are receiving significant
importance in water treatment and desalination processes
because this kind of composite materials combined the
advantages of polymers and graphene, providing a prom-
ising adsorbent that can improve the fouling resistance, the
selectivity/permeability, the chlorine resistance, and the
mechanical stress of the corresponding membranes. Poly-
mer-graphene composites can be synthesized by different
techniques depending on the required properties in the
target membrane. In the following paragraphs, the prepa-
ration techniques as well as the recent water treatment
applications of polymer-graphene composites are
highlighted.

3.2.1. Preparation Techniques of Polymer-Graphene Composites

(1) Spraying Technique. Spraying method is a technique in
which a spray-gun is used to spray the polymer-graphene
solution onto a preheated substrate. This spraying technique
produces a large-area membrane with controllable density.
The disadvantage of this technique is the difficulty to obtain a
uniform and homogenous membrane.

(2) Vacuum Filtration Technique. The vacuum filtration
technique is a two-step process in which graphene is dis-
persed first and then deposited on a matrix of polymer
membrane by vacuum filtration process. This process is very
simple and can be used to prepare a uniform polymer-
graphene membrane.

(3) Spin-Coating Technique. This is a very common and
simple technique to prepare a membrane of polymer-gra-
phene composite. Typically, a graphene dispersion is
dropped on a rotating-spin coater to fabricate the mem-
brane. By using this technique, a uniform and sizable
membrane can be obtained with a controlled thickness.

(4) Layer-by-Layer Self-Assembly Technique. The layer-by-
layer self-assembly is one of the most commonly used
techniques to fabricate a polymer-graphene composites
into membrane. It is an environment-friendly technique
and can be used in aqueous media. Please see the details of
Figure 8.
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FIGUREe 8: A diagrammatic illustration of layer-by-layer self-as-
sembly technique of preparing polymer-graphene composites into
membrane.

3.2.2. Applications of Polymer-Graphene Composites for
Water Treatment and Desalination. In a recent study,
graphene was combined with sodium alginate to prepare a
nanocomposite adsorbent. The composite exhibited an
enlarged free volume with excellent separation performance
and high permeate flux [42]. As illustrated in Figure 9, the
hybrid possessed a well-aligned mortar and brick archi-
tecture where water channels existed. The structural defects
and the free volume cavities of the hybrid have worked for
selectivity and permeability of water channels.

In a similar study, poly(N,N-2-ethyl amino ethyl
methacrylate) as a temperature-responsive polymer was
grafted with graphene oxide in order to prepare a nano-
membrane for ultrafiltration. In this composite, poly(N,N-2-
ethyl amino ethyl methacrylate) induced stimuli to carbon
dioxide and argon, producing a controlled pore size into the
membrane. The amine group of poly(N,N-2-ethyl amino
ethyl methacrylate) polymer reacted with carbon dioxide in
water, protonated, and then deprotonated when argon is fed
to the medium. Such change in the morphological shape of
the polymer led to a change in separation properties of the
cast membrane (see the details of Figure 10). This nano-
filtration membrane was tested for the rejection of
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FIGURE 9: A diagrammatic illustration of the mechanism of selective water permeation using graphene-sodium alginate blend (reproduced

with a permission from [42]).

rhodamine-B and the methylene orange dyes. The average
rejection rates for these two dyes were 98.9 and 96.5%,
respectively. In addition, the membrane had remarkable
repellency to many salts such as magnesium, calcium, and
sodium chlorides [43]. For the same target, a crosslinked (N-
isopropylacrylamide and N,N-methylenediacrylamide)
polymer was grafted with graphene (see Figure 11). The
obtained membrane showed excellent mechanical charac-
teristics with remarkable separation performance and water
flux. The water flux of the obtained membrane was 25.8 L/
m*h. This value represented three orders of magnitude of the
value of the commercial cellulose triacetate membrane [44].

Adsorption capacity, oil-water selectivity, mechanical
stability, and reusability at harsh operation conditions are
essential parameters for oil-water separation technology.
The current state of the art membranes usually sacrifices the
mechanical properties and/or recyclability versus membrane
performance, i.e., adsorption capacity and selectivity. Thus,
it is important to consider all the above-mentioned prop-
erties together, in order to offer an efficient membrane for
oil-water separation. In a recent study, reduced graphene
oxide was grafted polydopamine polymer to fabricate a
carbon-based polymer membrane with a light weight and a
high separation efficiency of oil from water. This membrane
showed an improved chemical stability at harsh operation
conditions of acidity and salt concentration. In addition, the
separation efficiency of oil reached 99.6%. This remarkable

performance was due to the degree of oleophobicity of
reduced graphene oxide as well as the superhydrophilicity of
polydopamine polymer. The only disadvantage of this
membrane was the instability at the alkaline conditions,
where the polydopamine polymer dissolved in the alkaline
media. [45] In a similar work, a robust and reusable sponge
membrane was synthesized by combining poly(-
dimethylsiloxane) polymer and graphene oxide nano-
materials through a chemical amidation process (see
Figure 12). In this polymer-carbon composite, graphene
oxide worked as a mechanical fortifier, contributing to the
durability of the formed sponge. This composite was tested
for the separation of various oils and organic pollutants. The
adsorption capacity of the sponge was 724 times its original
weight. This study opened the door to develop porous
polymer composite membranes with high separation
characteristics of oil-water emulsion [46].

To reduce the production cost and to demolish the
negative impacts on the environment, cellulose as a natural
polymer was applied in the polymer-graphene composites to
improve the oil-water separation process. Cellulose showed
the advantages of being a low-cost biodegradable material
and having high mechanical characteristics. In another
study, cellulose-graphene composite membrane was fabri-
cated with ultralight weight and superhydrophobic prop-
erties. The obtained aerogel composite showed an excellent
adsorption capacity, approximately 80 to 197 times
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F1GURE 10: Synthetic protocol of poly(N,N-2-ethyl amino ethyl methacrylate)-graphene oxide composite for dyes and salts rejection

(reproduced with a permission from [43]).

(oil/organic solvents) its original weight. This performance
was obtained due to the multilayered sheet structure of the
composite and the large porosity on the composite (see
Figure 13). In addition, the composite revealed high me-
chanical stability even after 100 times of cycling-compres-
sion testing [47].

3.3. Polymer-Based Activated Carbon Composites for Water
Treatment and Desalination. Activated carbon is an amor-
phous solid carbonaceous material consisting of graphitic
lattice. It has many forms including granules, powder, fibers,
and cloths. Activated carbon is one of the carbon-based
materials used for water treatment and desalination, because
it is inexpensive, can be produced from agro-wastes, has a
high surface area and porosity. Despite these advantages,
some of the activated carbon forms, especially powdered
ones, are difficult to remove from the treated aqueous media,
because they have very fine powdered forms. Also, they
aggregate, leading to a decrease in their adsorptive char-
acteristics. Accordingly, there was a need for new techniques
of using activated carbons as potential adsorbents.

The composite formation of activated carbon with
polymers has proved to be a promising technique for water
treatment and desalination. In a recent study, a composite of
cellulose triacetate and activated carbon was prepared by an

evaporation/precipitation technique for potential elimina-
tion of heavy metals from wastewater.

In this study, the use of a low solvent diffusion process at
a low casting temperature demolished the aggregation of
activated carbon in the matrix structure. Accordingly, a
homogenous membrane was obtained. The addition of ac-
tivated carbon to cellulose triacetate also supported the
production of a less fragile membrane. This cellulose tri-
acetate-activated carbon composite membrane was very
efficient for the elimination of arsenic acid from aqueous
media, achieving a very high removal value [48]. Polypyrrole
as a synthetic polymer was also used to form a composite
with activated carbon for the elimination of lead ions from
aqueous media. In that work, polypyrrole-activated carbon
composite was obtained by a carbonization process of
polypyrrole-activated carbon in the presence of a chemical
activator. The structural and morphological characteriza-
tions supported the composite applicability as an adsorbent.
The adsorption capacity of this composite improved with the
progress of time and the increase of initial concentration,
while it demolished with the increase of adsorbent dose. The
adsorption equilibrium of lead ions was described by both
Langmuir and Freundlich models. The maximum adsorp-
tion reached 50.0 mg/g after 4 h at pH 5.5. The kinetic studies
of the composite suggested that the adsorption is a chem-
isorption process rather than a diffusion process [49].
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4. Polymer-Clay Composites

Several treatment technologies were explored for the
treatment of wastewater sources with the adsorption tech-
nique which is a favored process because of its eftfectiveness,
ease of operation, and efficiency. Polymers were used in a
composite structure with clays because they can be easily
manipulated and produced in a flexible structure. In this
section, polymer-clay composites are explored as potential
adsorptive materials compared to their individual
adsorbents.

Clays are low-cost natural materials, used as adsorbents
of many micropollutants. They have a positive or negative
layered structure with interlayered anions or cations, re-
spectively. Their use as adsorbents depends on many pa-
rameters including porosity, surface area, and particle size.
The drawbacks of clays as adsorbents are mainly their pH-
dependence and poor wettability. Thus, clay composite
structures were offered to overcome these drawbacks and
also to improve their performance in removal selectivity of
inorganic and organic contaminants from aqueous media.
Clays worked as host matrixes to hold polymers or used as
fillers to improve the polymer mechanical properties.
Polymer-clay composites attracted attention in water
treatment because they exhibited a wide range of pore

structures, good surface areas, an ultralight weight gathered
with high stiffness, improved processability and stability,
good selectivity towards different pollutants, cost effec-
tiveness, and almost no loss on regeneration for reuse. They
also offered an easy process for recovering from treated
water. Polymer-clay composites can be obtained in different
forms by intercalation, coating/wrapping, flocculation, or
exfoliation (see Figure 14). In the following paragraphs, the
recent polymer-clay composites for water treatment are
highlighted.

4.1. Polymer-Cationic Clay Composites for Water Treatment
and Desalination. A polymer grafted clay composite com-
piling polyvinylpyridine as a stimuli-responsive polymer
and montmorillonite as a cationic clay was synthesized as a
novel adsorbent of pollutants with response to pH. The
composite structure showed remarkable characteristics, i.e.,
a high polymer loading without polymer-leaching, a lower
pH/charge dependency, and a high zeta potential. These
enhanced properties explained the significant performance
towards the elimination of inorganic and organic pollutants,
in comparison with the commercial adsorbents. Specifically,
at low to moderate pH, the stimuli-responsive polymer
accepted protons, leading to an enhancement in the



Journal of Chemistry 13

2. Hydroxylation OH
——) Y- —>[OH
! OH
PDMS sponge PDMS-OH sponge
» Hydroxyl group .5 Cl)CHz w“
Amino group < Hzco—slig/\/ 2
£ ocH
B GO sheet < :
o
4. Amidation ' Si”NNH,
 D=—) Sl/\/\NH
61/\/\NH
N COOH
PDMS/GO sponge PDMS-APTS sponge

FIGURe 12: A diagrammatic illustration of using a sponge membrane of graphene oxide-grafted poly(dimethylsiloxane) polymer as a
separator of oil-water emulsion (reproduced with a permission from [46]).

Hydrophobic

(@) CNF/GO solution Growth of ice crystals CNEF/GO aerogel MCGA coating

Bldu‘ectlonal Freeze
freezing drying

CVD
modification

— —_
(=} v

<
n

Compressive stress (kPa)

0.0

Compressive strain (%)

— 1%cyce s 50t cycle
-—— 10™ cycle == 100" cycle

(d)

FIGURE 13: A schematic illustration of using cellulose as a low-cost biodegradable material in a polymer-graphene composite for oil-water
emulsion separation. The membrane was synthesized by compiling graphene oxide and poly(dimethylsiloxane) polymer (reproduced with a
permission from [47]).



14

Journal of Chemistry

+
Polymer Clay

Intercalation Coating/wrapping Flocculation Exfohatlon

NVAVAWALY

AL

vl

FIGURE 14: A schematic illustration of polymer-clay interaction.

adsorption of the pollutants. However, at elevated pH, the
stimuli-responsive polymer lost the protons, leading to
desorption of the pollutants. Also, the elimination of
micropollutants, e.g., sulfentrazone, arsenate, and atrazine,
from wastewater was explored by this composite [50]. In a
similar work, exfoliated and intercalated montmorillonites
were grafted with different stimuli-responsive polymers, i.e.,
sodium 2-acrylamido-2-methylpropane sulfonate and N-
isopropylacrylamide, using a surfactant-free technique. The
prepared composite showed excellent removal capacities
towards cobalt, nickel, and methylene blue dye. The results
of this composite showed a reduction of surface tension
which resulted in improving the absorptivity of the clay, and
accordingly an efficient removal of the metal ions and the
dye molecules was obtained. This composite also showed
reuse of four times with no loss in removal efficiency [51]. In
another study, a novel biocomposite was synthesized by
incorporating a modified-montmorillonite cationic clay into
a polyethylenimine-modified carboxymethyl-chitosan ma-
trix. The composite was prepared to remove the Hg ions
from water. The composite showed a superior removal
performance towards Hg ions from aqueous media. The
adsorption capacity reached 1875mg/g, representing the
highest record so far among the literature polymer/clay
adsorbents of Hg ions. This remarkable performance was
mainly due to the enhanced porosity of the composite and
the increased chelation sites onto the composite structure
[52]. For the same target, montmorillonite was complexed
with polyvinyl alcohol and poly(4-styrenesulfonic acid-co-
maleic acid) to offer efficient and cost-effective adsorbents
[53].

For dyes removal, a novel hydrogel composite of re-
sponsive polymers with montmorillonite was prepared using
bis[2-(methacryloyloxy)ethyl] phosphate as a crosslinker.
The composite was used for the elimination of methyl red
(MR), methylene blue (MB), and crystal violet (CV) from
wastewater. Many parameters were applied to obtain a
maximum adsorption capacity of the target dyes. Using this
composite, the dye removal reached 51% for MR, 89% for
MB, and 80% for CV at pH 7 and about 23% for MR, 93% for
MB, and 86% for CV at pH 12. The maximum adsorption

capacity of this hydrogel composite showed 113, 155, and
176 mg/g for MR, MB, and CV, respectively. The desorption
of the dyes from the composite was simply performed in
ethanol solution [54]. For the same target, a hydrogel of
acrylamide, N-isopropyl acrylamide, and montmorillonite
was synthesized for the elimination of methylene blue (see
Figure 15). The prepared composite showed a good swelling-
deswelling property. The adsorption process was highly
dependent on the pH and the temperature of the medium.
The kinetic studies showed that the adsorption behavior
follows the pseudo-second order. The composite also
showed a good regeneration capacity with 5 cycles of
adsorption-desorption processes. In general, the composite
showed a potential use as an environment-friendly adsor-
bent with efficient absorptivity of dyes from wastewater [55].

4.2. Polymer-Anionic Clay Composites for Water Treatment
and Desalination. Anionic-clays were also applied as po-
tential adsorbents for water treatment. In a recent study, a
novel composite of magnesium-aluminum based layered
double hydroxides (LDH) with polydopamine was prepared
for the elimination of copper ions from aqueous media (see
Figure 16). The results of this study showed a remarkable
improvement in the adsorption efficiency of copper ions.
The composite showed a two-time higher absorptivity of
copper ions compared to pristine layered double hydroxides.
The maximum adsorption capacity of copper ions reached
193.78 mg/g using this composite. The composite was used 4
times with no loss of adsorption capacity. The mechanism of
adsorption was due to electrostatic interaction with copper
ions [56].

A hydrogel of Co/Al layered double hydroxide-poly-
acrylamide composite was synthesized via in situ poly-
merization of acrylamide at room temperature in the
presence of LDH. The mechanism of hydrogel composite
formation was described by coordination and hydrogen
bonding interactions between the amide groups of acryl-
amide and hydroxyl groups of LDH sheets. The composite
was utilized for the elimination of methyl orange from
wastewater, showing a high adsorption efficiency [57].
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5. The Mechanisms of Adsorption

Understanding the mechanism of adsorption is of great
importance, since it helps to control and to improve the
removal of the different pollutants, as well as increasing the
adsorption efficiency. In order to get in-depth insights into
the adsorption mechanism, kinetic, isothermal, and ther-
modynamic studies were performed and applied to the
adsorption behavior of the different pollutants. As reported,
various adsorption mechanisms have been proposed based

on the adsorbent and adsorbate types, sources, structures,
and forces of attraction. In this section, the different ad-
sorption mechanisms are highlighted.

5.1. Chemisorption Mechanisms. Chemisorption mecha-
nisms involve the electrostatic interaction mechanism, the
ionic exchange mechanism, the reduction/oxidation
mechanism, and the complex formation mechanism (che-
lation) (see Figure 17). These mechanisms can work
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separately or altogether to remove the pollutants. Specifi-
cally, the type of the functional groups present into/onto the
adsorbent determines how the adsorption process works
(see Figure 18) [49, 58, 59]. For example, if the carboxylic
acid groups, the amino groups, or even the hydroxyl groups
are present in a protonated form, they undergo a com-
plexation/chelation process to remove the pollutants, but if
they are present in a deprotonated form, they undergo an
electrostatic interaction process with the pollutants. From
the thermodynamic point of view, chemisorption mecha-
nism is usually accompanied by an exothermic process,
meaning that energy is liberated during the pollutant ad-
sorption. The enthalpy involved in this process has usually a
negative value. This is because of the decrease of the
movement of the pollutants when get adsorbed on the
surface of the adsorbent. Such process also involves a de-
crease in the medium entropy because the adsorption is a
spontaneous process [60]. The isothermal adsorption studies
of the chemisorption mechanism usually show a monolayer
formation of the pollutants on the surface of the adsorbent
[61]. Furthermore, the chemisorption mechanism may not
be detected at low pressure and/or temperature and it be-
came predominant only when the adsorption conditions are
changed. From the kinetic point of view, chemisorption
mechanism usually follows a pseudo-second-order process
which means that the adsorption process usually depends on
both the adsorbent and the adsorbate concentrations
[62, 63].

5.2. Physisorption Mechanisms. Physisorption mechanism
occurs between the adsorbates and the adsorbents via Van
der Waals forces. Figure 18 shows a schematic illustration of
physical adsorption mechanism (lower panel). As indicated,
the surface of the adsorbents lacks functionals groups
compared to the surface of chemisorption mechanism which
contained a lot of functional groups (upper panel). There-
fore, the adsorbates tend to physically attach to the adsor-
bent surface through the weak Van der Waals forces.
Physisorption usually occurs at solid surfaces with weak
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Figure 18: Diagrammatic illustration of chemisorption and
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binding forces. This mechanism is reversible in nature at a
certain extent and is mainly dependent on the pressure and
the temperature of the adsorption medium. Thus, the rates of
adsorption and desorption are very fast. In the context of
kinetics, physisorption mechanism usually follows the
pseudo-second order, which means that the adsorption
process is mainly dependent on the concentration and the
structure of the adsorbents. Hence, porous materials with
high surface area are better adsorbents for the physisorption
mechanisms. In the context of thermodynamics, phys-
isorption mechanism does not require high activation en-
ergy for the adsorption to proceed.

6. Conclusions and Perspectives

As shown in this review, both natural and synthetic poly-
mers displayed remarkable adsorptive properties when
combined with different adsorbent materials, i.e., carbon-
based materials, clays, and other polymers. The polymer
composite research opened new research route for a pol-
lution-free environment. Polymers in a composite structure
showed a simple and easy fabrication process, a good me-
chanical performance, and additional binding sites for ad-
sorption of organic pollutants. A lot of research was done to
modify the polymer structures to reach high adsorption
performance, durability, recyclability, and selectivity of
many organic and inorganic pollutants. Despite all the
reviewed research articles, polymer composites for water
treatment and desalination did not reached their optimal
performance especially for the large scale production of such
adsorptions. The future perspectives to reach optimal per-
formance of the adsorbents are as follows:

(a) Integrating nanoadsorbent materials with bio-
sorbent carriers in a low cost

(b) Adding/increasing the number of functional groups
that are able to enhance the adsorption efficiency,
which can be done by exploring new functional
materials and/or designing hybrid technologies

(c) Searching for more agro-wastes as adsorbents to
decrease the production costs and to sustain the
adsorbent-based market
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(d) Studying in detail the mechanism of adsorption to
understand the science behind the adsorption be-
havior and accordingly improve the impacts of the
different adsorbents at different conditions

(e) Improving the selectivity of the adsorbents through
the selection of the functional groups created on the
adsorbents

(f) Improving the pretreatment strategies and proc-
essability of the biomass feedstock before being used
as adsorbents

(g) Decreasing the operational costs to reach the large
scale applications of the adsorbents, which can be
done by offering new techniques of pollutants
removal
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The shortage of water resources in Saudi Arabia is becoming an increasingly serious problem. Management of sewage water is an
attractive option to reduce the contamination of water resources such as ground water. This work aims to use bauxite rock as a
low-cost adsorbent/coagulant for sewage water treatment in a simple and rapid technique. Different doses (1, 2, 3, 4 and 5 g/1) of
the grinded bauxite was used as an adsorbent/coagulant. The results revealed that, at rock doses of 1, 2, 3, 4, and 5 g/1, the COD
concentration was decreased from 326 to 134, 98, 83, 70, and 65 mg/], respectively, while the BOD concentration was lowered from
243 to 196, 104, 71, 60, 51, and 47 for the same rock doses. This was reflected on the turbidity of the treated effluent from each
treatment step. Also, the FC counts were reduced to 2 log units. Furthermore, the dose of 3 g/ of the grinded bauxite rock was
found to be the least economic dose for the treatment of sewage water. Bauxite mineral has been used explicitly in a high-

performance, very affordable method for wastewater treatment.

1. Introduction

As the population of the world grows and water resource
problems keep making headlines, it has never been more
essential to preserve water supplies to our maximum
extent capacity and to make sure that the water at our
disposal is clean and free from pollutants. Organic loads,
nutrients, and pathogens contribute major threats in
water resources. The removal of such contaminants in
wastewater is one of the fundamental aims in waste
management. A range of techniques were used for the
treatment of various types of wastes to suitable standards
[1, 2]. However, conventional waste treatment technol-
ogies are expensive. Consequently, several research efforts
are running to develop low-cost treatment technologies
appropriate in developing countries [2]. Furthermore,
during the last few decades, stringent regulation of waste
discharge into the environment is receiving wider at-
tentions. To comply with these standards and preserve
safe environment, it has become necessary to find some
cost-effective treatment techniques. In order to achieve

cost-effective technologies, natural materials such as rocks
and sands are widely applied in wastewater treatment for re-
moving pollutants [3]. Several methods were established to
remove hazardous substances from wastewater such as pre-
cipitation, reverse osmosis, ion exchange, and adsorption [4, 5].
Among all past strategies, adsorption using clay and
other composite materials is regarded to be a particularly
effective technique, mainly by using minimal-cost and
economical methods to eliminate contaminants from in-
dustrialized wastewater and aqueous solutions [6-8].
Natural clay minerals and activated carbon with large
removal capability are the most popular sorption approaches
[9, 10]. Several studies centered on the use of low-cost,
extremely efficient pollutant sorbents and also examined the
sorption activities of several recycled materials and chem-
icals [11]. Most of these are clay composites [12], agricultural
products, certain aquatic plants, and micro-organisms [11].
Many of these studies have already shown that natural
materials are capable of acting as good adsorbents for
hazardous contaminants like heavy metals [13, 14], while the
kinds and quality of clay materials are also essential as they
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are included in selecting which contaminants to address. Ali
et al. [15] conducted the adsorption of harmful pollutants
from wastewater applying natural zeolite. The results suggest
that clinoptilolite removal for ammonium varied from 70 to
92 percent, whilst at different circumstances, it varied from
70 to 99 percent for heavy metals. Bhattacharya et al. [16]
examined the adsorption performance of zinc from an
aquatic environment with different adsorbents; the results
obtained revealed that the percentage of zinc removal rised
by raising the adsorbent dosage to achieve full adsorption at
98 percent and pH around 5 and 7 [17]. The adsorption of
Cd** on the surface of nanomaterial based on wollastonite
prepared with/without CuO was examined. The results
showed that at optimum operating conditions (at pH 9),
cadmium ions removal reached 98.88%.

Combined with the growing need for superior quality of
water, a growing research for the use of low-cost materials as
an adsorbent for water treatment will be an initiative that
would be a serious environmental success. Therefore, the
main aim of this study is intended to examine and evaluate
the ability of certain metal ions to removal using bauxite
rocks as natural and low-cost material for the treatment of
water and sewage water in Saudi Arabia. The removal ex-
periments were conducted and optomized in the laboratory
using the original concentration of metal ions, solution pH,
and contact time as variables.

2. Materials and Methods

2.1. Rock Samples. In the northeastern part of the city of
Hail, 200 kilometers from the province of Baqa’a lies the
village of Zubayra rich in bauxite ore, which is the basic raw
material for the production of aluminum, where it is
available in large quantities. Bauxite was collected from
Zubayra city [18]. The rock was initially grinded to 0.5-1 mm
particle diameter and dried. Scanning Electron Microscope
(SEM) Model Quanta 250 FEG (Field Emission Gun) at-
tached with EDX Unit (Energy Dispersive X-ray Analyses),
with accelerating voltage 30 K-V., magnification 14x up to
1000000 and resolution for Gun.1n) has been performed.

2.2. Sewage Water Samples. Sewage water samples were
brought from Sakaka wastewater treatment plant. Within 2
hours after collection, sewage water samples were analyzed
[19].

2.3. Method of Jar Test. Jar testing is a process of observing a
tull-scale method of water purification, offering a sensible
idea of how a chemical treatment will operate and perform
with a specific type of raw water. Because it imitates full-scale
service, process technicians could use jar analysis to identify
which chemical treatment looks best with the raw water of
their system. Sewage water samples were subjected to a jar
test for application of grinded rock adsorption. Different
doses of rock (1, 2, 3, 4, and 5g/l) were tested for the
treatment of sewage water. The flash mixing speed was
250 rpm for 1 minute followed by flocculation at 100 rpm for
30 minutes. The flocculation speed was chosen as 100 rpm
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due to the precipitation of the grinded rocks and to be in
contact with the sewage samples. The test was carried out in
1 liter beakers. The same procedures were carried out in a
blank (sample without addition of grinded rock) [19].

2.4. Analysis. During the time of study, the efficiency of the
treatment procedure was studied. For samples (raw and
treated sewage water), physicochemical and biological an-
alyzes were performed. PH, total suspended solids (TSS),
chemical oxygen demand (COD), biological oxygen demand
(BOD), and fecal coliform were included in the physico-
chemical analyzes. The analyses were performed in accor-
dance with the American Public Health Association,
Standard Water, and Wastewater Analysis Methods [19].

3. Results and Discussion

3.1. Material Characterization. The main composition of the
ore is presented in Table 1. Based on multipoint EDX as-
sessment, there are obviously noticeable round hematite
particles with other elements in these regions that is sup-
posed to be given a high bauxite content of Fe,O;. The
findings of these analyses that are provided are another
evidence of the complicated structure of bauxite and support
the data found in the literature suggesting that bauxite
minerals are interconnected rather than separately
occurring.

3.2. Sewage Water Characteristics. From the results depicted
in Table 2 and Figure 1, it is clear that the sewage water used
in this study is classified as a low-strength wastewater [20].
The average values for COD, BOD, and TSS were 326, 242.3,
and 123.5 mg/l, respectively. The BOD/COD ratio shows the
biodegradability of the used wastewater.

3.3. Efficiency of the Treatment Process. In an attempt to
enhance the sedimentation of sewage water, the grinded
bauxite rock was used. Figure 2 shows the variation of EC,
TDS, and turbidity along with the different doses of rock.
The levels of TDS and EC were inversely proportional with
the turbidity of the raw sewage as well as the samples.

Figure 3 shows the depletion of the concentration of
COD with various doses of the rock. It is clear that the
concentration of COD reduced by increasing the dose of the
rock. The concentration of COD was reduced from 326 to
134, 98, 83, 70, and 65 mg/l at rock doses of 1, 2, 3,4, and 5 g/l,
respectively. The same pattern was noted for both BOD and
TSS reduction.

Figure 4 shows the performance of the treatment of
sewage water with bauxite rocks. By applying bauxite as an
adsorbent, the FC amount was decreased by two logs. The FC
count was reduced from 5.5x107 to 4.2x10°, 3.4x10°
2.8 x10° 2.4 x10°, and 2 x 10> MPN/100 ml for raw sewage,
1,2, 3,4 and 5 g/l rock, respectively. Table 3 summarizes the
performance of bauxite rock for the treatment of sewage
water.
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TaBLE 1: The bauxite rock’s main chemical composition.

Element Weight (%) Atomic (%)

O 30.52 49.61

Al 34.51 33.27

Si 1.69 1.56

Ca 0.27 0.17

Fe 33.02 15.38
TaBLE 2: Physicochemical features of the wastewater®.

Parameter Unit Minimum Maximum Average

pH — 7.3 8.0

EC mS 485.1 676.0 576.4

Turbidity NTU 95 121 111.0

TDS mg/l 325 406 66.4

COD mg/l 274.0 370.0 326.0

BOD mg/l 205 275 243.3

BOD/COD 0.74 0.75 0.745

TSS mg/l 110 135 123.5

EC MPN/100 ml 3.3%107 7.0x107 5.5%107

*number of samples = 13.

mg/l

COD BOD TSS
Parameter

B Minimum
B Maximum
u Average

FIGURE 1: Characteristic of raw sewage water COD, BOD, and TSS.
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Rock doses (g/1)

FIGURE 2: Variation of the levels of EC, Turbidity, and TDS along the treatment steps.
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FIGURE 4: Variation of the FC count along with the treatment steps.
TaBLE 3: Complete analysis of the raw waste water and different treated effluents.
%R %R %R %R
0, 0,
Parameter Raw Blank % R 1g/l 1/l 2¢g/1 2/l 3g/l 3/l 4g/1 4g/l 5g/l %R 5g/1
pH 7.5 7.9 8.0 8.0 7.8 7.7 7.5
EC (uS) 576 587 595 600 604 607 614
TDS (mg/l) 371 378 383 386 389 391 395
Turbidity
(NTU) 111 87 22 68 21 62 28 59 32 57 34 53 39
COD 326 256 22 134 48 98 61 83 67 70 72 65 75
BOD 243 196 20 104 47 71 63 60 69 51 74 47 76
BOD/COD 0.75 0.74 0.72 0.73 0.72 0.72 0.72
TSS 124 70 43 51 28 47 33 45 36 45 36 44 38
FC 55x107 49x10° 9026  4.2x10° 9130 3.4x10° 93.00 2.8x10° 9433 24x10° 9499 2.0x10° 9599

3.4. Removal Mechanisms. There were two main mecha-
nisms for removal of the organic loads from sewage water.
The first was adsorption on the surface of the rock particles.
The second was the coagulation that occurred due to the
presence of Al and Fe in the rock composition. By increasing
the rock dose, the surface area increased as well as the
dissolution of some component of the rock. This was the
reason for increasing the removal efficiency of the organic
loads reflected by COD, BOD and TSS and in the conse-
quence, increased the TDS of the treated samples. Raising
the dose of rock has also enhanced the turbidity of the
treated samples. It was observed that the adsorption capacity

was not significantly raised by raising the rock dose from 3 to
5 g/l. The FC count also decreased by using the grinded rock
as the coagulant. The main mechanism for removal of FC
bacteria was the adsorption on the surface of the rock. Since
it has a positively charged surface (due the presence of Fe
and Al), the FC bacteria had negatively charged functional
groups. Grehs et al.,, [21] examined the removal of micro-
organisms by using aluminiumsulphate. They noticed that,
as well as the bacterial numbers, turbidity and color were
decreased by 1-2 logs. The removal of solid materials from
water coagulation and flocculation methods are of major
importance. Such methods could minimize color strength
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and decrease turbidity levels, organic compounds [22].
Aboubaraka et al. [23] examined graphene oxide for the
elimination of turbidity from water, and his results were
found to be higher than those obtained in this study.

4. Conclusions

The Bauxite can be crushed to a certain particle size to create
a material with high performance in decreasing the water
pollution as indicated by COD and BOD values. The findings
showed that the COD concentration reduced from 326 to
134, 98, 83, 70, and 65 mg/l while the BOD concentration
decreased from 243 to 196, 104, 71, 60, 51, and 47 at rock
doses of 1, 2, 3, 4, and 5 g/l for both parameters. In addition,
the use of such approach is known to be a rapid strategy of
treating sewage water in different areas to reduce the po-
tential for drinking water supplies (such as groundwater).

Data Availability

The data (including the results and all the values of the
physicochemical analysis of water before and after treatment)
used to support the findings of this study are included within
the article. The data are represented in Figures and Tables.
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The sonication-mediated oxidative-radical copolymerization using ammonium persulfate in acidic medium provides a new
successful avenue to graft Chitosan with three methylaniline derivatives. The synthesized Chitosan-graft-polymethylanilines
(CGPMA) were characterized using FTIR, UV-vis diffuse reflectance spectroscopy, XRD, thermogravimetric analysis (TGA),
elemental analysis, and transmission electron microscopy (TEM). XRD spectra revealed that CGPMA have a higher crystallinity
degree compared to the pristine Chitosan. In addition, a methyl position-dependent crystallinity is noticeable for the grafted
copolymers. This could be confirmed from TEM images that reflect structure-affected morphologies of different ordering for the
graft spherical nanoparticles. Interestingly, the copolymers prepared under ultrasonic irradiation show a high potency in dye
uptake compared to nonsonicated ones. Moreover, an antibacterial preliminary test on the as-prepared materials was ac-
complished. We have achieved promising results, which encourages us to conduct more studies to process these materials in

developing biomedical active composites.

1. Introduction

Recently, conducting polymers have taken a great consid-
eration in the field of scientific research, especially in ma-
terial science. Among conductive polymers, either
polyaniline (PANI) or its derivatives are unique materials in
many aspects such as handy preparation, considerable sta-
bility, and favored electrochemical features including the
magnificent conduction mechanism and their wonderful
optical, electrical, and catalytic properties [1]. However,
polyaniline has a lack of process ability; this drawback was
overcome either by protonation with suitable reactive acids
or by preparation of polymer derivatives. The polymer
deriving can be achieved through replacing hydrogen atoms
either at nitrogen atom or in the aromatic rings of the
polymer by active substituents [2]. PANI has promising

applications in many fields, for example, rechargeable bat-
teries, protection of metals against corrosion, gas-separation
membranes, and molecular sensors [3, 4]. It is catchy and
commercialized owing to its facile preparation, due to
electrochemical or chemical processes and inexpensive
production in large quantities [5]. It offers great environ-
mental, chemical, and thermal stability [6]. PANI can be
converted into protonated or deprotonated form via pro-
cessing with acids or bases. The emeraldine salt of PANI is an
acid doped conducting polymer, and its emeraldine base is
an insulator polymer [7]. PANI also shows high antibacterial
properties [8, 9].

Chitosan is a naturally occurring, biodegradable, non-
toxic, nonallergenic biopolysaccharide derived from chitin,
found abundantly in nature [10, 11]. Chitosan exhibits a
broad particle use in many fields; it is a friable substance
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which has a tendency to absorb some moisture. In addition,
it is relatively inexpensive and of high molar mass with
interesting physiochemical features [12].

The grafting of Chitosan could be achieved through the
introduction of functional derivatives onto Chitosan via
covalent bonding [13]. The grafting process on Chitosan is
one of the routes to improve its characteristics, for example,
enhancing chelation [14] or antibacterial impact [15] or
boosting adsorption characteristics [16].

Chitosan and water insoluble Chitosan derivatives have a
high adsorption power against toxic, fatty acids and dan-
gerous heavy metal ions like Sn®* and Sn** of inorganic or
organic confinement, Hg>", Pb**, U®", and transition metal
ions such as Ni**, Cu**, V**, Cd**, Cr’*, and Zn** [17].
Chitosan and its derivatives have unique applications in
biological field, such as antibacterial agents.

Recently, nanomaterials, including metallic, inorganic,
and polymeric substances with a size of 1-100 nm, have
attracted an increasing attention of many scientific inter-
ests [18]. Ultrasonication could result in new chemical
reactivity within promoted reaction rate and thus reveals a
new directory in chemistry, that is, sonochemistry [19]. In
particular, sonochemistry that depends on highly intense
ultrasound provides mediation to promote chemical re-
actions. The activation effect refers to the crushing, dis-
persion, and emulsifying processes that prevent particle
aggregation and minimize its size. This enables particle
preparation within a better and controlled shape, especially
on the solid material, such as polyaniline [20]. In addition,
the simplicity and safety of the sonochemical technique
positioned it as a powerful tool in the field of green
chemistry [21].

Therefore, this work presents a new avenue implying
ultrasound mediated oxidative-radical copolymerization to
graft the polysaccharide, Chitosan, with three methylaniline
derivatives. The optimized grafting copolymerization pa-
rameters were studied. Interestingly, the as-prepared grafted
copolymers exhibit structure-affected crystallinity, unifor-
mity, and thermal stability. The preliminary test reveals
potent adsorptivity to Remazol Red RB 133 (RR), a com-
monly used water-soluble azo dye. A crucial rule for
ultrasonication in improving the grafted copolymer
adsorptivity has been indicated by comparing the adsorption
capacity of sonicated grafted copolymers with nonsonicated
ones. Furthermore, the developed grafted copolymers were
investigated for their efficacy in bacterial disinfection. Ex-
tensive studies on these applications will be conducted in
turther work.

2. Experimental

2.1. Materials and Methods. N-Methylaniline (NMA), 2-
Methylaniline (2MA), and 3-Methylaniline (3MA) (Sigma
Aldrich). Starting with the shrimp shells, Chitosan was
extracted according to the methodology described in liter-
ature [22, 23] (M. Wt. ~109,000; deacetylation degree >85%).
Ammonium persulfate and N-methyl-2-pyrrolidone (Loba
Chemie, India) and acetic acid, hydrochloric acid, and ac-
etone were supplied from El-Nasr Chemical Co. (Egypt). The
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azo dye, Remazol Red 133 of commercial grade, was used as
received.

2.2. Synthesis of CGPMA. Chitosan solution (1.0 g/L) was
prepared by adding appropriate Chitosan amount to acetic
acid solution (2%) in a flask and stirring for 2 hours at room
temperature (25°C+2). A mixture solution of substituted
aniline solution (1.0 x 10> mol/L) and HCI (0.2 mol/L) was
added to the solution of Chitosan at 5°C, under continuous
stirring for 20 min. Ammonium persulfate (7.5 x 10> mol/
L) in HCI (0.2 mol/L) was put drop-wisely to the mixture and
the mixture was stirred for 5hours at 5°C. Over the suite of
polymerization, ultrasonic irradiation of the reaction course
is employed by using an ultrasonic processor of 120 W and
38 kHz. The final admixture was separated, and the resulting
precipitate was leached with deionized water, N-methyl-2-
pyrrolidone, and acetone, respectively, to remove possibly
present impurities, that is, monomers residue, initiator, and
homopolymers chains; then, it was finally dried for 24 hours
in a vacuum oven at 50°C.

It is important to mention that the prepared grafted
copolymers are insoluble in almost all solvents either on cold
or by heating. The grafting percentage was calculated by

w-w
Grafting (G)% = (To) x 100, (1)

where W=the weight of CGPMA and W, =the weight of
original Chitosan.

2.3. Instrumental. FTIR spectra were measured on an IR
spectrometer, Shimadzu model Affinity-1S. The diffuse re-
flectance spectroscopy along the ultraviolet-visible range was
recorded on a Shimadzu Japan 3101 p spectrophotometer.
X-ray of wavelength (1.54 A) within a Cu detector in the
X-ray diffractometer (D/Max2500VB2+/Pc, Rigaku Com-
pany) was employed to conclude the graft crystallinity. For
TEM analysis, samples were taken on (JEOL, JEM-2100,
Japan). The thermogravimetric analysis of the polymers was
conducted using an Netzsch TGA 204 (Germany) in the
presence of an N, atmosphere from 25°C to 600°C. A CHN
Perkin-Elmer analyzer (USA) was used to address the ele-
mental analyses of the developed grafts. A spectropho-
tometer (Agilent Cary 60) was used to monitor the
absorption profile in the UV-vis range.

3. Results and Discussion

3.1. Characterization of the Grafted Chitosan. Representative
sonicated CGPMA samples were distinguished by reflec-
tance spectroscopy, FTIR, TEM, XRD, TGA, and elemental
analysis.

3.1.1. FTIR Spectra. 'The IR spectroscopy shows a viable role
for confirming the grafting copolymerization between
Chitosan and substituted polyanilines.

The IR spectra of Chitosan and CGPMA were depicted in
Figure 1. As seen for Chitosan, the overlapping due to NH,
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Ficure 1: FTIR spectra of (a) Chitosan, (b) CGPNMA,
(c) CGP2MA, and (d) CGP3MA.

and OH stretching vibrations resulted in the peak assigned at
3438cm', while the peaks found in the range of
2870-2920cm ™" could be related to the symmetric-CH
stretching. Moreover, the peak assigned at 1589cm™' is
rendered to bending of NH, [24] and the peak assigned at
1426 cm™ is related to the-CH, bending [22]. The revealed
peak at 1154cm™" is due to the C-O-C bridge antisym-
metric stretching, while that indicated at 1085 cm ! s
assigned to the C-O skeletal stretching vibration that are
characteristics of the saccharide structure of Chitosan [25].

The IR spectra of Chitosan-graft-substituted polyanilines
confirm the effective grafting of substituted polyanilines on
Chitosan by the peaks at 1612, 1610, and 1607 cm™" for
CGPNMA, CGP2MA, and CGP3MA, respectively, owing to
the distinctive peaks of quinonoid nitrogen (Q) and the
peaks manifested at 1497, 1494, and 1493 cm ! for
CGPNMA, CGP2MA, and CGP3MA, respectively, accom-
panied by the benzenoid ring present in the substituted
polyaniline. The peaks found at 1329, 1328, and 1326 cm ™"
for CGPNMA, CGP2MA, and CGP3MA, respectively, are
related to the C-N and C=N stretching vibration in
substituted polyanilines [26, 27]. Additionally, the peak of
N =Q =N bending vibrations of substituted polyaniline was
indicated around 1150 cm™ [28, 29]. Further, the shift of
these peaks to lower wavenumber 1112, 1108, and 1106 cm ™"
for CGPNMA, CGP2MA, and CGP3MA, respectively, was
owing to hydrogen bonding between Chitosan and
substituted polyanilines [30].

3.1.2. UV-Vis Diffuse Reflectance Spectra. The UV-vis DRS
of the CGPMA are shown in Figure 2. The conductive
polymers have some usual transitions in the UV-visible
region, such as 77-7*, polaron-7*, and m-polaron transitions,
respectively. CGPMA (with aniline pattern) are predicted to
have three peaks in the range of 320nm, 400 nm, and
600-620 nm; the first absorption peak comes from 7m-7*
electron transfer in the benzenoid fragments, while the
second and third absorption bands are due to the devel-
opment of conducting polarons (quinoid segments), re-
spectively, which are characteristics of the protonated type of
substituted polyaniline [31].

Relative intensity
1
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FiGure 2: UV-vis diffuse reflectance spectra of (a) CGPNMA,
(b) CGP2MA, and (c) CGP3MA.

In general, extending the double bond conjugation along
the polymeric chain reveals a 7-7* energy difference decrease
that corresponds to an increase in the wavelength indicating
the interaction of Chitosan with substituted polyanilines. The
recorded UV-vis spectra of CGPMA show that peaks of 7-7*
excitation have been transferred from 321 to 351 nm, 346 nm,
and 338nm for CGPNMA, CGP2MA, and CGP3MA, re-
spectively; moreover, the peaks assigned at ~400nm and
600-620 nm were transferred to around 406 nm and 650 nm
[32, 33]. There are no significant absorption peaks for Chi-
tosan in CGPMA spectrum that is expected at 330 nm which
is related to the glucopyranoside structure of Chitosan be-
cause of overlapped benzenoid moieties of the grafted
substituted polyanilines around 350 nm [34].

3.1.3. XRD Diffraction Patterns. Figure 3 displayed the XRD
of chitosan and CGPMA. For the grafted Chitosan, the XRD
spectra showed crystallinity from 20°-32" due to the grafting of
substituted polyanilines onto the Chitosan backbone, whereas
X-ray diffractogram of Chitosan showed amorphous pattern
[30]. The crystallinity was noticeably amended due to hy-
drogen bonding interactions of inter- and intramolecular
nature [35]. The XRD patterns b and especially ¢, d in Figure 3
show sharp and well defined peaks, which indicate the crys-
talline nature of CGPMA. Furthermore, the degree of crys-
tallinity of CGP3MA and CGP2MA is noticeably higher than
that of CGPNMA. This order of crystallinity of three different
grafted copolymers can be explained according to the corre-
lation between crystallinity and thermal stability shown in
TGA results, similar to trends reported in literatures [36, 37].
This is due to a considerable localization of the electrons over
the polymeric chain that leads to a decrease in the crystallinity
[38-40]. The increasing localization depending on the methyl
group position on the aniline monomer in the order: N-po-
sition, ortho-position, and meta-position leads thereby to the
resulting order of crystallinity [39].

3.1.4. Transmission Electron Microscopy (TEM). In the
present study, TEM images show the morphological features
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FiGure 3: XRD spectra of (a) Chitosan, (b) CGPNMA, (¢) CGP2MA, and (d) CGP3MA.

and surface appearance of Chitosan and CGPMA. Chitosan
is shown in a network shape but CGPMA are shown as
spherically shaped, smooth-surface nanoparticles of size
range 2.8-16 nm as depicted in Figure 4. These features could
be attributed to the added value of the applied ultra-
sonication along with the grafting process. The ultra-
sonication exerts immense shocking of ultrasonic waves,
resulting in functionalities of dispersion, pulverization, and
emulsification, revealing smaller particles within steady
matrix [18].

3.1.5. Thermogravimetric Analysis (TGA). The thermal re-
sistance of CGPMA was investigated taking the thermog-
ravimetric behavior of Chitosan as a reference. TGA curves
of Chitosan and CGPMA samples are displayed in Figure 5.
First weight losses of all the samples (6-9%) observed be-
tween 30 and 100°C could be due to the loss of water content.
Chitosan offers a distinct weight loss at 270-320°C, assigned
to the decomposition of Chitosan chains. The residue for
Chitosan at 600°C was 39%. The weight loss of CGPMA in
the range of 100-240°C is corresponding to dopant mole-
cules removal from the grafted copolymer structure. In the
subsequent stage, the weight loss appeared between 220 and
390°C of CGPMA owing to the degradation of the CGPMA
chain. About 8-14% of loosed weight within temperature
gradient (400-600°C) was estimated for grafted copolymer
due to the loosing of Chitosan side chain. At the end of the
experiment at 600°C, nearly 56, 52 and 49% of CGP3MA,
CGP2MA, and CGPNMA, respectively, remained as residue

while, for Chitosan, 39% remained as a residue showing the
greater thermal stability of CGPMA over Chitosan owing to
the introduction of substituted polyanilines into Chitosan.
Comparing the thermal stability of samples, Chitosan shows
the highest foremost decomposition temperature
(270-320°C), while CGPMA possess a higher residual
amount and decompose at a relatively higher temperature
(600°C) than Chitosan. This indicates that CGPMA have a
relatively higher thermal stability than pure Chitosan per-
haps due to an improvement in the intramolecular and
intermolecular H-bonds in the structural skeleton of the
copolymer [26, 41]. These findings are greatly compatible
with results concluded from XRD and TEM analyses.

3.1.6. Elemental Analysis. Table 1 shows Chitosan elemen-
tary analysis, CGPMA, and the corresponding estimates of
grafting percent (G%). Comparing elemental analysis of
Chitosan with those of CGPMA indicated a noticeable in-
crease in carbon and nitrogen contents as the monomer
weight fraction was increased. These findings are consistent
with G%.

3.2. Preliminary Study of Adsorption Process. We conducted
a preliminary study to investigate the adsorption effect of
Ch-g-PNMeANI as an example of Ch-g-MPANI copoly-
mers. In a batch of experiments, fixed adsorbent amounts
were added to 75 mL of RR solution (60 mg/L) in Erlenmeyer
flask of 100 mL, which was then concussed using a hori-
zontal shaker at 25+ 2°C. The uptake of Remazol Red dye
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FIGURE 4: TEM images of (a) Chitosan, (b) CGPNMA, (c) CGP2MA, and (d) CGP3MA.

from aqueous solution in the adsorption process is shown in
Figure 6(a). The adsorbent was isolated and the residual dye
was analyzed via ultraviolet-visible absorption spectropho-
tometry at A, = 520 nm at different contact times, as shown
in Figure 6(b). According to the calibration plot, the amount
of dye sequestration by the adsorbents was estimated
from (2):

q= [(Co‘cf)xv]’ )
m

where q is the sequestered amount of dye due to adsorbents
(mg/g), C, is the concentration of RR initially allowed to be
contacting to the adsorbent (mg/L), Cyis the [dye] (mg/L)
after the removal operation, V is the volume of dye solution
(L) allowed to be contacting to the adsorbent, and m is the
adsorbent mass (g). It can be seen that the characteristic
absorption band of RR around 520 nm decreased rapidly
with increasing the adsorption time and finally nearly dis-
appeared in about 50 min. It is important to point out that
the Ch-g-PNMeANI prepared using the developed synthetic
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FIGURE 6: (a) Image shows the complete uptake of RR by Ch-g-PNMeANTI adsorbent. (b) Adsorption-induced changes of the absorption
spectrum of RR after different contact times with Ch-g-PNMeANI. (c) The variation of adsorption capacity with adsorption time for
aqueous solution of RR dye onto nonsonicated (black line) and sonicated (red line) Ch-g-PNMeANI.

route is highly adsorptive and practically adsorbs all RR
(60 mg/L), referring to a promising nanoparticle for water
detoxification. On the other hand, the same weight from the
nonsonicated Ch-g-PNMeANI has much lower adsorption
capacity compared to the sonicated one, although all ex-
perimental conditions were the same, as shown in
Figure 6(c). This interestingly highlights the crucial rule of
ultrasonication in developing materials of highly desirable
properties that maximize the environmental impact of the
presented copolymers. More in-depth studies on this ap-
plication will be under focus of further work.

3.3. Preliminary Study of Antibacterial Activity. A prelimi-
nary investigation was carried out to evaluate the antibac-
terial effect of CGPNMA as an example of CGPMA
copolymers versus Escherichia coli (Gram-negative) in ad-
dition to Staphylococcus aureus (Gram-positive) that are
provided from reference collection by determining the
growth inhibitory effect of CGPNMA in broth bacterial
suspension (10° CFU/mL) as a reference to quantify the
initial colony that is employed in the plate counting method
to be determined. The spectrophotometric analysis was
conducted to quantify the CFU via the comparison of ab-
sorption optical density of standard CFU with unknown
CFU at wavelength 625 nm. In a typical procedure, within an
absorption range of optical density (0.08-0.13) due to
McFarland standard 0.5 (1-2 x 108 CFU/mL), the absorbance
will be adapted by appropriate addition of sterilized distilled
water. Then, the bacterial suspension (108 CFU/mL) was
directly enrolled in the antibacterial tests for CGPNMA. In a
sterilized Erlenmeyer flask, CGPNMA (0.1 g) was added to
10 mL of the bacterial suspension. Next, the flask was shaken

for 2 hours at 250 rpm, and then 1.0 mL of this mixture was
used to determine the change in the absorption optical
density [42, 43]. The growth inhibitory % was counted as
follows:

(Control conc. — Test conc.)
X

Inhibition % = 100. (3)

Control conc.

The CGPNMA composite NPs were tested for anti-
bacterial activity by addressing the inhibition % of bacterial
growth where estimates of 87% and 92% are recorded for S.
aureus and E. coli, respectively. Such promising antibacterial
potentiality could be attributed to the synergism within the
conductive polymeric poly N-methylaniline grated onto the
Chitosan skeleton [41]. More in-depth studies on this ap-
plication will be under focus of further work.

4. Conclusions

CGPMA were prepared via the sonication-mediated
chemical oxidation. FTIR ascertained Chitosan grafting by
substituted polyanilines. Compared to the pristine amor-
phous Chitosan, the degree of crystallinity for both
CGP3MA and CGP2MA is higher than CGPNMA that is
attributed to the inter- and intramolecular hydrogen
bonding. TEM analysis of CGPMA confirmed the presence
of nanoparticles that have a nearly spherical shape and
smooth surface. These features could result from the added
value of ultrasonication along with the grafting process.
Moreover, all grafted copolymers reveal a higher final
degradation temperature than Chitosan. Furthermore, the
provided new sonication-mediated synthetic route of the
grafted copolymers results in high potency for dye uptake
compared to the nonsonicated ones. Moreover, the



developed polymeric composites show promising antibac-
terial properties for both Gram-negative and Gram-positive
bacteria. Thus, the developed sonicated-assisted synthetic
route maximizes the environmental impact of the presented
copolymers in either detoxification or disinfection of dye/
bacterial enriched wastewaters.
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The original data of this manuscript will be available upon
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This study deals with the removal of residual pollutants from tanning wastewater by continuous adsorption mechanism, using
local sand as a low-cost adsorbent. The possibility of pretreating a complex tannery effluent heavily loaded with a natural material
such as sand is significant. The characterization of the adsorbent before and after continuous adsorption was performed by X-ray
diffraction, Fourier transform infrared spectroscopy, and scanning electron microscopy. Column studies were also carried out to
evaluate the performance of the adsorbent and the efficiency of column adsorption. The adsorption kinetic rate seems to be
strongly influenced by certain parameters such as the particle size of the material used, the withdrawal rate of the influent and the
height of the adsorbent bed, and optimized parameters were found to be 63 ym, 15 ml-min ™", and 7 cm, respectively, and the color
removal has achieved maximum values which vary between 95 and 100%. The results suggest that sand can be used as an

economical adsorbent for the removal of color from the wastewater of the tanning industries.

1. Introduction

Industrial tanning is one of the most important sectors in
Morocco’s economy [1]. Consequently, the consumption of
huge quantities of water during all leather processing op-
erations and the discharge of untreated effluents leads to
very serious problems, particularly on water quality and
human health, and makes it one of the main polluters that
influence the ecological balance negatively [2-5].

Both scientists and health authorities have spent the
effort considered in pollution clean-up and prevention
[3, 5, 6]. Many types of treatment systems have been
considered to eliminate heavy metal contamination in the
environment [7-9], including ion exchange, flocculation,
coagulation, chemical oxidation, chemical precipitation,

ozonation, membrane filtration, electrochemical filtration,
and activated carbon adsorption [10-15]. However, the
main limiting factors against the use of these processes are
high operational costs, low disposal efficiency, generation
of toxic byproducts and sludge, and difficulty of imple-
mentation and time [11, 16].

Among the different processes for purifying effluents
loaded with heavy metals, adsorption, which involves fixing
the pollutant load at the interface through physical or
chemical bonds, offers better performance and fewer
problems compared with other advanced processes [17, 18].
Adsorption also offers an economical solution by developing
sorbents with a much lower cost [18-22].

In this study, the use of continuous adsorption was
chosen for the treatment of larger volumes and to remove as
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many pollutants as possible from the tannery effluent.
Preliminary experimental studies were conducted to un-
derstand the general mechanism of adsorption, the different
characteristics and limitations in column design. Adsorption
was designed in continuous mode by percolating effluents
through fixed bed columns with detailed kinetic modeling to
evaluate the variation in some operating parameters such as
granulometry, adsorbent bed height, and influent with-
drawal rate.

2. Materials and Methods

2.1. Materials. The effluent from the tannery’s activity was
collected from an industrial unit located in the Dokkarat
district of Fez and stored at a temperature of 4°C until use.
The adsorbent material used is sand from a Moroccan beach,
and this adsorbent has undergone several rinses with ul-
trapure water until the removal of residues and neutrali-
zation of the pH. It is then dried in an oven overnight at 80°C
for total removal of water, ground, and sieved to obtain a
fraction in the range of 63-80 ym in diameter [3, 18, 23]. The
physicochemical characteristics of the tannery effluent are
shown in Table 1.

2.2. Instrumental Analysis. The granulometric curve of the
sand and the simple percentages (%) of each granular
fraction were established using a vibrating sieve shaker
(RETSCH AS 200) [24], and the crystalline structure of the
sand powder was analyzed by X-ray diffractometry (Dif-
fractometer X’Pert PRO); the Fourier transform infrared
spectroscopy was carried out to study the particular types of
chemical bonds and groups existing in the sample, and
morphological analysis of the sand before and after satu-
ration by effluent components was performed by scanning
electron microscope, equipped with an X-ray energy dis-
persion spectrometer (EDX).

2.3. Adsorption Studies in a Continuous System. The treat-
ment of the tannery effluent was carried out with an
experimental system made of a glass column, with a di-
mension of 3 cm in inner diameter and 50 cm in height.
The sand bed was packed into the column and wetted with
ultrapure water to release the trapped air between the
particles. Tannery wastewater was continuously supplied
through the column using a peristaltic pump. Every 10
minutes, the treated influent was collected, and the op-
timal parameters were selected using a spectrophotometer
(UV-Visible BioSpec-mini) at a maximum wavelength
(Amax) of 400 nm Figure 1.

2.3.1. Effect of Sand Granulometry. To evaluate the effect of
particle size, five sand fractions were varied at different
diameters: 63, 125, 200, 315, and 400 ym. These granular
fractions were filled into separate columns to form com-
pacted beds with a height of 5 cm. The withdrawal flow rate

has been set at 15 ml-min~'.

Journal of Chemistry

TaBLe 1: Physicochemical characteristics of real tannery
wastewater.

Parameter Values
pH 6,25
Temperature ("C) 25
Electrical conductivity (us-cm™") 10900
COD (mgL™") 11800
BOD5 (mgL™") 1200
Total chromium (mg-L™") 32,2
Color Dark blue

2.3.2. Effect of the Withdrawal Rate. To choose the most
appropriate withdrawal rate for the treatment of tannery
effluent, we opted for a grain size of 63 ym in diameter, a
compacted bed of 3cm in height, and adjusted the with-
drawal rates of the influents to values of 15, 65, 115, and

170 ml-min .

2.3.3. Effect of the Adsorbent Bed Height. After the deter-
mination of the two parameters: grain size and flow rate, the
effect of filter bed height on the rate of discolouration was
studied to determine which one provides better continuous
adsorption. And, for this, the sand beds were varied according
to different masses, namely, 20.2, 36, and 50 g, and the heights
of the sand beds were measured at 3, 5, and 7 cm, respectively.

3. Results and Discussion

3.1. Particle Size Curve of Sand. The descriptive percentages
of the granulometric analyses are illustrated in Figure 2; the
figure shows the allocation of 7 fractions for the granulo-
metric distribution of sand, and the preponderant size which
predominates is 200 ym with a percentage of 61.5%. This size
is less than 500 ym, which gives it the class of fine sands.

3.2. X-Ray Diffraction. The crystalline composition of the
sand particles before and after adsorption is shown in
Figure 3. The X-ray diffractograms of the sand before and
after adsorption shows almost the same appearance and
reveal the existence of several characteristic peaks of quartz
and calcite [25, 26]. For unsaturated sand, these two ele-
ments have a codominance indicated by the major peaks
corresponding to the position 26, 27.7° and 29.7°, respec-
tively [27-31]. Whereas for saturated sand, quartz pre-
dominates over calcite with the appearance of two
unidentified peaks at 26, 43.41° and 51.08°, which can be
attributed to the effluent components of the tannery.

3.3. Infrared Spectroscopy Analysis. Figure 4 and Table 2
present the main functional groups of the specific elements
of natural sand and the possible modifications after the
adsorption process. On one hand, the examination of these
results show no change in the basic structure of Lowded
Sand (LS) particles and this allows us to say that adsorption
is done by physical interaction forces [25]. On other hand,
the maximum intensities have decreased slightly; this may be
related to an energy variation due to the bonds established



Journal of Chemistry 3

Peristaltic
pump

@

j——Glass column
Tannery wastewater
Effluent
j—— Sand bed
=
&
i
Peristaltic ~ Influent Spectrophotometer
pump
FiGure 1: Experimental device.
100
90 -
80
70 -
S 60 - "
2 50 4
g
o7 40 4
30 -
20 -
-
0 T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Sieve sizes (mm)

FiGure 2: Granulometric curve of the sand used.

3000 l Ca 3000 4 .
Ca: calcite (CaCO,) Ca: calcite (CaCO,)
2000
2 g
: -
© o
1000
0
10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 26
(a) (b)
FiGure 3: Diffractometric analysis of (a) natural sand and (b) loaded sand.
with the pollutants in the effluent, and a small shift has been These results also confirm the existence of the bonds

observed in the position of the adsorption bands, which  characterizing calcite and quartz previously revealed by
probably justifies the feasibility of adsorption [18]. diffractometric analysis.
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FIGURE 4: Infrared spectrum of natural sand (NS) and loaded sand (LS).

TaBLE 2: Sand infrared bands and their assignments.

Natural sand position (ecm™) Loaded sand position (cm™) Assignments Reference
3419.60 3427.62 OH group stretch vibration (18, 32, 33]
2922.88 2924.36 C-H asymmetrical stretching vibrations [25, 32, 34]
2519.05 2518.98 C-H asymmetrical stretching vibration [25]
1797.17 1796.91 Typical vibration of the OH stretching group (3]

— 1620.91 OH group stretch vibration (18]
1450.90 1452.76 CO; stretching of calcite [3, 35]
1082.85 1083.32 Valence vibration of the Si-O-Si bond (18, 23, 32]
874.56 874.60 CO; stretching of calcite [35]
779.91 780.64 0O-Si-O stretching [25]
712.48 712.55 0O-Si-O stretching [25]
469.17 469.92 Valence vibration of the Si-O-Si bond [25]

3.4. Scanning Electron Microscopy Coupled with the EDX.
The SEM results coupled with the EDX of the sand before
and after saturation as well as the mass percentages of each
element are shown in Figure 5 and Table 3. The internal
microstructure of unmodified sands shows a rough, irreg-
ular, and proportionally porous and cracked appearance
with the presence of some luminous and relatively ordered
aggregations, that probably indicate the existence of quartz
crystals previously detected by the DRX analysis [18, 36].
This mineralogical composition allows the interchanges of
substances with adjacent cells and thus makes the adsorption
mechanism possible (Figure 5(a)).

Microstructural analysis reveals significant changes in
the surface morphology of the sand after adsorption of the
effluent. We notice the formation of a dense and compact
matrix with a decrease in the degree of porosity and lu-
minosity, and this can be explained by the adsorption of the
molecules contained in the treated solute on the sand cracks
and pores (Figure 5(b)) [18].

The chemical analysis by EDX proves the validity of
spectral analysis with regard to the chemical composition of
the sand used and shows that it consists mainly of C, O, Ca,
and Si. The results also indicate the appearance of certain
elements involved in the chemical composition of tannery

effluent such as nitrogen, sulfur, chlorine, and chromium.
The mass percentage of some elements such as O, Mg, Si, Fe,
and Na decreased slightly after adsorption; this leads us to
suppose that they were involved in the adsorption process of
the effluent components Table 3 and Figure 5.

3.5. Column Experiments

3.5.1. Effect of Sand Grain Size on Effluent Discolouration.
Figure 6 shows the tannery effluent discolouration kinetics
that have been studied for the different grain sizes of sand
powder from 63 ym to 400 ym.

The results show that the highest rate of discolouration is
represented by the preponderant size of 63 ym, and dis-
colouration decreases with the increase in the diameter of
the sand particles. The graphical presentation also shows that
the fading rate is optimal and provides total fading of 100%
for the 63 um grain size, while the fading rate does not
exceed 82% for the 400 ym grain size. The discolouration
rates for the 125 ym, 200 ym, and 315 ym particle sizes are
97.2%, 94.4%, and 93.61%, respectively. As a conclusion, it
can be said that the particle size is an important factor, which
affects the adsorption capacity, and the fixation of the or-
ganic matter on the surface of the adsorbent material is
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FIGURE 5: Morphological examination of natural sand (a, b) and loaded sand (¢, d) by SEM-EDX.

TaBLE 3: Percentage of elements found by X-ray energy dispersion
EDX in natural and loaded sand.

Elements Natural sand (NS) Loaded sand (LS)
C 26.34 32.05
(@] 46.18 18.12
N — 34.55
Na 3.42 1.45
Mg 0.94 0.45
Si 8.66 5.36
S — 0.40
Cl — 0.43
K 0.54 0.37
Ca 12.63 5.98
Cr — 0.27
Fe 1.3 0.58
Total 100 100

generally more important when the grain size of the material
is small [37].

The studies of Sakr et al. conducted on the adsorption of
methylene blue on cactus found similar results to those of
our study with regard to the effect of particle size, and the
highest percentages of adsorption were obtained using a size
of 0.04 mm of cactus [38]. And, according to Guiza and
Bagane who have worked with bentonite for the adsorption
of Congo Red; an increase in particle diameter leads to a
decrease in the transfer rate of the material [39].

3.5.2. Effect of Flow Rate on Effluent Discolouration. The
experimental results shown in Figure 7 show that the

Discolouration rate (%)

0 T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Time (min)
—s— 63um —+— 315um
—e— 125um —— 400pum
—a— 200um

FiGure 6: Effect of sand grain size on the discolouration rate.

discolouration capacity of the tannery effluent by sand is
proportionally inverse to the withdrawal rate.

The rate of discolouration is maximum with a value of
95.6% for low flow which is equal to 15ml-min~" and
minimum with a value of 90.4% for flow increased to
170 ml-min~!. From the results, it can be seen that the in-
crease in the withdrawal rate causes a decrease in the res-
idence time of the effluent molecules in the column. Thus,
the exchange speed decreases, resulting in a loss of ad-
sorption efficiency. Experimentally, the increase in flow rate



Journal of Chemistry

100
90 -
80 +
70 -
60
50 A
40 4
30 |

Discolouration rate (%)

20 A
10 +
0 T T T

0 20 40 60

—=— 15ml-min!

—e— 65ml-min~!

80 100 120 140 160

Time (min)

—— 115ml-min~!

—+— 170ml-min~!

Ficure 7: Effect of the withdrawal rate on the discolouration rate.

causes a rapid saturation of the filter bed, and this is due to
the increase in the exchange speed.

Research carried out by Biswas and Mishra has also
found that an increase in the withdrawal rate reduces the
adsorbent-adsorbate contact time [40]. And, according to
Sathvika et al., low flows increase the adsorption efficiency
and increase the contact time between chromium VI so-
lution and the biosorbent used [41].

3.5.3. Effect of Filter Bed Height on Effluent Discolouration.
Figure 8 shows the effect of sand bed height on the rate of
effluent discolouration. The results show that the total ad-
sorption capacity increases with increasing bed height. The
3 cm and 5cm beds have discolouration rates of 95.4% and
97.4%, respectively. The maximum fading rate is given by the
7 cm bed with a percentage that is close to 100%. From these
results, it can be deduced that the height of the bed through
which the effluent passes is one of the parameters that in-
fluence the performance of continuous adsorption and the
operation of the column. The amount of adsorbent material
used affects significantly the residence time, discolouration
rate and volume of the treated effluent. The contact time
becomes shorter as the height of the adsorbent bed de-
creases. This indicates that the bed with the minimum height
of 3 cm is saturating faster. Whereas increasing the height of
the adsorbent to 7 cm slows down the rate of solute-solid
exchange and thus increases the residence time and im-
proves the availability of active adsorption sites, which
quantitatively and qualitatively promotes the retention of
pollutants present in the tannery effluent [42].

Similar results were found by Lim and Aris who showed
that the adsorption of CD(II) and Pb(II) is higher for the
longest bed of the dead limestone skeletons and which is
2.20 cm equivalent of 40 g [8]. In another study conducted by
(Tsai et al.), the results showed that the increase in the height
of the activated carbon bed leads to a decrease in the
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F1GURE 8: Effect of the sand bed height on the discolouration rate.

concentration of Pb (II), Cu (II), and Ni (II) in the influent
[43].

3.5.4. Visual Appearance of the Raw Effluent and the
Adsorbates. The visual appearance and reduction of the
coloration of the raw effluent from the tannery (A0, B0, and
C0) according to the different effects are shown in Figure 9.
These results show that the adsorbates (A1, A2, A3, and A4)
have a slight coloration compared with the raw effluent A0,
and this coloration decreases as the size of the sand grains
decreases until an almost colourless influent is obtained (A5)
(Figure 9(a)). The visual aspect of the adsorbates obtained at
different flow rates (B1, B2, and B3) also show increasing
discolouration with the decrease in the withdrawal rate
Figure 9(b). For the effect of the height of the adsorbent bed,
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FIGURE 9: Visual appearance of the raw effluent and the adsorbates obtained according to the different effects.

we notice that, from a dark blue effluent CO, we obtain
translucent adsorbates with a slightly yellowish coloration
for C1, while C3 and C4 have practically the same aspect as
indicated by the graphical data (Figure 9(c)).

4. Conclusion

The treatment of effluent from tanning activity by a biological
process appears to be difficult, as it is highly loaded with heavy
metals and has a toxic environment for microbial biomasses.
This study proved the effectiveness of marine sands in
cleaning up industrial tanning water and removing micro-
pollutants as a pretreatment step. Experimental tests show
that the discolouration rate is optimal and close to 100% for
the sand grain size of 63 ym. The rate of discolouration is
maximum with a value of 95.6% for the low flow rate which is
equal to 15 ml-min~". The maximum fading rate is given by
the 7 cm sand bed with a value of 98.7%.

The characterization of the sand by the different FTIR,
SEM, and X-RD techniques has revealed modifications in
the surface as well as the crystalline and chemical structure of
the sand after adsorption which means the retention of
effluent pollutants through pores and cracks in marine sand.
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Fresh water scarcity and pollution turn out to be a most serious issue throughout the world due to the rapid population growth.
The application of nanomaterials (NMs) for the removal of pollutants from water has attracted significant attention. The
nanofiltration membrane was fabricated through the evaporative casting (EC) method using multiwalled carbon nanotubes
(MWCNT) and chitosan (CHIT) as the surfactant to enable water purification. The developed EC membrane properties were
characterized in mechanical, surface charging (zeta potential), surface morphology, and hydrophobicity properties. Results
demonstrated that incorporation of MWCNT and the biopolymers (chitosan) resulted in suitable developments in mechanical
properties of the membrane. For example, the membrane has shown values for tensile strength (28 +1MPa), elongation
(10.2+1.2%), Young’s modulus (1.2 + 0.1 GPa), and toughness of (1.9 + 0.2 J/g). When more significant changes were investigated
on the surface morphology of the EC membrane, it was observed that the pores on the surface morphology of the EC membrane
decreased as the evaporative casting method was used. Moreover, the permeability of the membrane towards water, inorganic
salts, and pH effect on salt rejections was studied using the NF/RO system. These established nanocomposite membranes signify

the promising candidates for fresh water desalination and elimination of organic impurities.

1. Introduction

The progress in rapid population of growth united with
untenable use of water resources and scarcity of water have
turn out to be a major significant task in the world. It is vital
to improve the capable approaches for water treatment.
Efforts have been made over the past few decades to improve
water desalination systems for providing fresh water from
the saline water using several desalination techniques such as
distillation, freezing, electrodialysis, and solar-powered
membrane separation [1-5]. While these processes have
evolved, there are still some obstacles. For instance, there are
key issues for reverse osmosis (RO) membrane fouling and
scaling and also other problems where high energy con-
sumption is needed in thermal desalination [6]. Therefore,
an effective, energy-efficient alternative to traditional

processes for desalination of seawater must be created.
Consequently, nanofiltration (NF) is one of the membrane
processes, which is pressure-driven, and have the properties
of nanofiltration (NF) such as pore size, water permeability,
and salt rejection between reverse osmosis (RO) and ul-
trafiltration (UF) membranes [7]. NF can be operated using
low-pressure, comparing to reverse osmosis (RO), and it has
several benefits, which are lower operating pressures, higher
fluxes, high rejection of divalent ions, and lower energy
consumption [7]. These advantages allow NF membranes to
be employed in many applications such as biotechnology,
pharmaceutical, and food industry. Moreover, the NF
membranes also can be used particularly in desalination and
wastewater treatment [7, 8]. Currently, advances in NF
membranes were developed for removal of monovalent ions
from the surface water, underground water, brackish water,
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and seawater [7, 9]. The NF was used as a first stage before
the RO process, and this leads to many benefits like higher
monovalent ion rejection, accomplished higher RO design
flux and recovery in water desalination plants, and increase
in membrane lifetime[6]. However, NF membranes still
need to discover new materials in order to improve a high
selectivity for monovalent ions. In this context, carbon
materials, for instance, activated carbons, graphene, and
carbon nanotubes (CNTs), have been extensively castoff in
water purification approaches [10].

During the last few decades, carbon nanotubes (CNTs)
have become increasingly attracted by scientists for a wide
range of applications [11-14]. CNTs are mainly useful for
making membranes because they possess unique properties
such as fast transport rates and small pore openings [15].
However, there are difficulties that limit the usage of carbon
nanotubes in larger scale because carbon nanotube fabri-
cation is quit expensive and limited to small-scale pro-
duction. Another problem related to carbon nanotubes is
hydrophobicity that can limit its application in the mem-
branes field [14, 16]. Otherwise, carbon nanotubes can be
dispersed in a polymer matrix, which may provide an ap-
pealing route for production of mixed matrix membranes
with a high mass transport rate. In addition, dispersion in a
polymer can also help to reduce the hydrophobicity of CNTs,
making it easy to use as membranes.

The sonication method is considered one of the most
successful ways of dispersing CNTs through a polymer
due to easy filtering of the resulting dispersions in order
to produce the membrane, which is also called as
“buckypapers” [17]. A number of studies have shown that
when ultrasonic energy is used to disperse large amount
of CNTs, the resulting products are stabilized by non-
covalent interactions with the polymer molecule (sur-
factant) [18, 19]. For example, both single-walled carbon
nanotubes (SWNTs) and multiwalled carbon nanotubes
(MWCNTs) were very effectively dispersed to produce
membranes using the nonionic surfactant octylphenol
ethoxylate (Triton X-100). Resulted dispersions are very
stable to the proper membrane due to the aromatic rings
of Triton X-100 p-stack onto the external graphene lattice
of the CNTs [20, 21]. Another study demonstrated that
high power tip sonication was used to fabricate mem-
branes containing different surfactants mixed with
multiwalled carbon nanotubes (MWCNTs) and multi-
walled carbon nanotubes functionalized with carboxylic
acid groups (MWCNT-COOH) or amine groups
(MWCNT-NH,) [22]. In addition, the membrane fab-
ricated using MWCNT and Triton X-100 as the surfactant
exhibited more than 80% removal efficiency for 11 out of
the 12 trace organic contaminants (TrOCs) [23]. A few
studies have used the same method (ultrasonic energy) to
disperse CNTs (SWNTs and MWCNTs) for preparing a
number of membranes using different surfactants
(20, 24].

Moreover, among the various adsorbents like zeolite,
organoclays, biochar, metal-organic frameworks, and car-
bon nanotubes for the exclusion of nitrophenolic com-
pounds from aqueous solutions [25-33], CNTs have been
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acknowledged as the productive adsorbents for elimination
of them. This CNT application can be associated to elec-
trostatic interactions and high surface areas, and the equi-
librium time is shorter compared to the other materials. A
number of biopolymers have been examined to disperse
CNTs and their ability to prepare membranes [34-37].
Furthermore, the CNT performance as an adsorbent sig-
nificantly enhanced through the modification with polymer
materials like chitosan. Chitosan (CHIT) is an abundant
biopolymer which has been extensively castoft in numerous
applications such as industrial and biomedical [25, 38],
enzyme immobilization [26], and water treatment [27-29],
as well as used as transporters for controlled drug delivery
[30]. These applications can be associated to the existence of
quantities of the reactive amino and hydroxyl groups in the
molecular chain of chitosan. Therefore, CNTs/chitosan
composites, which are developed by imbedding functional
groups of the chitosan to CNTs, have been developed to
adsorb the pollutions or toxic metals from the wastewaters
[31-33, 39].

Chitosan has the ability to disperse CNTs in an aqueous
medium, and it can wrap around CNTs separately based on
changes in their diameter [40]. A previous study showed that
multiwalled carbon nanotubes and the chitosan composite
membrane (MWCNT/CHIT) could be highly effective for
removing salts from water [41]. This study used MWCNT/
CHIT fabricated by depositing MWCNT mixed with chi-
tosan 0.2% (w/v) onto a paper of polyvinylidene fluoride
(PVDEF). The result revealed effective removal of four in-
organic electrolytes (NaCl, Na,SO, MgSO,, and MgCl,)
from water by this MWCNT/CHIT membrane.

The aim of this work was to improve the composite NF
membrane from CNTs (MWCNT) and chitosan using the
evaporative casting method in order to use for desalination
process. The morphology, mechanic properties, and hydro-
phobicity of the composite membrane were characterized. In
addition, the water permeability and the rejection perfor-
mance of the composite membrane to inorganic electrolytes
and pH effect of solution were also investigated in this study.

2. Materials and Methods

2.1. Materials. MWCNT was purchased from Hanwha
Nanotech Corporation Ltd, Seoul, South Korea. The outer
diameter ranges from 3-10 nm. All other materials used in
this study were purchased from Sigma-Aldrich (USA) and
used without further purification.

2.2. Preparation of Dispersions. The chitosan (CHIT) solu-
tion was prepared as mentioned in the previous study [41].
MWCNTs (15 mg) were added to the CHIT solution 0.2%
w/v (15 ml) for preparing the dispersant using an ultrasonic
processor 750 (750 W, ultrasonic digital probe sonicator
with a diameter of 10 mm). The sonication was performed at
an amplitude of 30% and pulses of 0.5s “on” and 0.5s “off,”
with a total “on” time of 30 minutes. Vials containing
MWCNTs and the CHIT solution (0.2% w/v) were placed in
a water bath to reduce temperature changes from the heat
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that was generated from this process. The above method was
repeated 10 times to produce homogeneous dispersions
(150 ml) containing MWCNTs and CHIT and were then
diluted up to 250 ml.

2.3. Preparation of Casting Membrane. The evaporative
casting membrane was fabricated using a custom-made
unit and rectangular polyvinylidene difluoride (PVDF)
membrane. The dispersion solution (MWCNT/CHIT)
was deposited on the surface of the PVDF membrane
(6.0cm x 12.0cm) and then was evaporated by using a
vacuum oven, which typically operated at 35°C for 24-48
hours. Once the dispersant had evaporated, the resulting
EC membranes were washed with sodium hydroxide
(NaOH) followed by Milli-Q water to remove the
remaining acetic acid. The EC membranes (Figure 1) were
then dried for 24 hours in a controlled temperature at
21°C and removed from the support membranes (PVDF).

2.4. Characterization Techniques. The surface morphology
of the EC membrane (Figure 1) was analyzed using field
emission scanning electron microscopy (FESEM) (JEOL,
Japan). Samples were prepared by putting small pieces of EC
membranes on to the SEM’s stage using a conductive carbon
tape. The small pieces of EC membranes were imaged with
gold sputter coating.

The hydrophobicity property was studied by using the
contact angle instrument (sessile drop method). Deionized
water (2ul) was dropped on the surface of the membrane
and an image was taken. The values of the contact angle were
then estimated by constructing triangles on the obtained
images.

The mechanical properties of membranes were studied
in a controlled temperature at 21°C using a tensile tester.
Prior to testing, five sample strips from each EC membrane
were examined with a dimension 20 mm by 3mm with
thickness 0.5 measured using a micrometer. The samples
were examined using a strain rate of 0.5 mm/min and a
gauge length of 10 mm. The tensile strength of each sample
was measured as the maximum stress, and Young’s modulus
was calculated from the slope of the linear part of the stress-
strain diagram. Elongation and stress were calculated at the
break.

Surface charge of the EC membranes was studied using a
SurPASS electrokinetic analyzer. Zeta potential (ZP) was
measured using 1 mM KCI of background electrolyte so-
lution, and the pH was adjusted by automatic titration using
HCI and KOH solutions.

The permeability towards water of large EC membranes
was determined using the cross-flow NF/RO filtration sys-
tem (CF042 membrane cell), as shown in Figure 2. The
experiment was carried out using rectangular pieces
(6.0cm x 12.0cm) of membranes, which were placed be-
tween two halves of the transport cell. A digital flow meter
(FlowCal, GJC Instruments Ltd, Cheshire, UK) linked with a
PC was used to evaluate the flux flow. Deionized (DI) water
was applied to the membrane which was set at a pressure of
22bar to compact the membranes for nearly 1h until a

steady baseline flux was achieved. Permeate flux of DI water
was estimated at different applied pressures. Resulting data
were then used to calculate the water permeability (f) of the
EC membrane using the following equation:

f=]

A-AP W

where ] is the volume of the permeate flux, A is the effective
area of the membrane exposed to water (40 m?), and AP is
the applied pressure on the membrane (bar).

The measurements of salt rejection were performed
using each individual salt solution (NaCl, MgSO,, MgCl,,
and Na,SO,) of 2 g/L separately and a cross-flow of 100 1/h).
The temperature of the feed solution was kept at 20 +2°C
throughout the experiment using a chiller, while the pH and
conductivity were measured by using a conductivity meter.
The percentage observed rejection (R%) of the salts is de-
termined from the permeate and feed samples using the
following equation [41]:

CP
Ro% =1~ ) 100% (2)

f

where C,, and Care the salt concentrations on the permeate
and the feed streams, respectively.

3. Results and Discussion

3.1. Surface Morphology of Membrane. A previous study
reported that a sonication time of 20 min was suitable for
MWCNT/CHIT (0.2% w/v) dispersions [41]. Accordingly,
all dispersions used to prepare membranes in the current
study were fabricated using the same sonication time
(20min) in order to simplify the comparison of their
physical properties.

Figure 3(a) shows the scanning electron microscopic
image (SEM) of the EC membrane with MWCNT/CHIT. In
the surface of the EC membrane, it was found that the
MWCNT completely covered by CHIT with no pores was
observed in the image. In contrast, Figure 3(b) shows a
randomly entangled mat/network of MWCNT. The
MWCNTs are not well dispersed through the surfactant
(chitosan). These images have a number of differences to that
of a MWCNT/CHIT reported in previous studies [24, 41].
Sweetman et al. [42] reported that the surface morphology of
membranes varied depending on the dispersant and the type
of CNT used. In addition to that, SEM provided significant
differences between the surface morphology of composite
membranes of SWNTs with the same biopolymer disper-
sants [20]. Moreover, the EC membrane was prepared by the
evaporating method. This indicates that the surface mor-
phologies (Figure 3(a)) of the membrane may be affected
greatly by using this method. This suggests that there may
have been no loss of biopolymer (chitosan) at the surface of
the membrane in the case of the evaporating method
comparing to other methods such as the vacuum method,
which demonstrated a greater range of surface morphologies
in SEM studies [21, 24, 41].

Moreover, a cross-section image (Figure 3(b)) reveals
that the structure of the EC membrane has many layers of
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FiGure 1: Images of the developed EC membrane.
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FIGURE 2: Schematic illustration of forward cross-flow filtration system.

MWCNTs, which was aligned with each other with a narrow
distance between them. The membrane was found to be
similar to those reported recently for other fabricated
methods using the same CNT and chitosan ligand dispersant
(24, 41].

3.2. Mechanical Properties. Mechanical strength of the
membrane is of primary importance in seawater separation
mechanisms. The reason beyond that is that the membrane
should be able to withstand various pressure loads that were
applied and different flow-rates over a long period. Hence, a
study of the mechanical features of EC membranes was
conducted by employing the tensile testing methodology,
and the results obtained are plotted in Figure 4. The plot
initially indicates a linear stress vs. strain relationship, which
indicates elastic deformation. Still at higher strain levels,
little deviances from the linear relationship could be seen,
which suggest that the materials have a strong mechanism.
The stress vs. strain plot was used to determine mechanical
properties such as Young’s moduli, toughness, elongation,
and tensile strength. Table 1 summarizes the values found for

the EC membrane comparing with other techniques used for
the membrane.

In this study, the EC membrane resulting from dis-
persions in MWCNTs and the surfactant (CHIT 0.2% w/v)
showed Young’s moduli in the 1.2 + 0.1 GPa, elongation in
the 10.2+1.2%, tensile strength in the 28+ 1MPa, and
toughness in the 1.9+ 0.2]/g. The results observed for the
elongation is slightly higher to that previously obtained for
MWCNT/CHIT [41]. In addition, the mechanical properties
of membranes containing biopolymers were much better
among other membranes fabricated using MWCNT and low
molecular mass dispersants [23]. The reason for the me-
chanical characteristics of EC membranes to be greater is
due to the high molecular weight of chitosan and the method
used for preparing membrane in this study. A recent method
(evaporative casting method) indicates that the mechanical
properties of the membrane made from MWCNT and CHIT
0.2% w/v were significant increased.

3.3. Contact Angle. Contact angle is one of the important
properties for a material that is used as a filtration membrane
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FIGURE 3: SEM of MWCNT/CHIT evaporative cast membrane. (a) Morphology of surface and (b) cross section.
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FIGURE 4: The stress vs. strain of MWCNT/CHIT evaporative cast membrane.

TaBLE 1: Values found for the EC membrane comparing with other techniques used for the membrane.

Membrane Tensile strength Elongation Young’s modulus ~ Toughness Contact angle Permeability
(MPa) (%) (GPa) (J/g) @) (L/m*h-bar)

MWCNT/chitosan* 56+3 5.7+0. 29+0.1 21£0.3 102+3 0.87+0.03

MWCNT/chitosan- 49+4 6.4+2 29+0.1 22+08 80+2 0.61+0.02

glycerin

i\ggggT fchitosan- 59+3 8142 27402 23402 76+3 0.19+0.01

MWCNT/chitosan 28+1 102+1.2 1.2+£0.1 1.9+£0.2 80+2 0.75+0.1

“Data for MWCNT/chitosan, MWCNT/chitosan-glycerin, and MWCNT/chitosan-PEGDE are taken from reference [41].

for separation of molecules in aqueous solutions. The in-
formation about the nature of the membrane surface such as
hydrophobicity can be determined by the contact angle [41].
The contact angles values of the EC membranes (80°+2°)
reported in Table 1 indicate that the membrane is hydro-
philic in nature [20, 23]. The contact angle values reported in
the current study are lower to those values reported pre-
viously for membranes prepared using MWCNT and the
same dispersant (102°+3°) [41]. This indicates that lower
contact angle of these membranes displayed by the method
used in the present study provided more amount of dis-
persants (CHIT 0.2% w/v) at the membrane surface.

3.4. Zeta Potential. Figure 5 shows the membrane-surface
charge density of the EC membrane, which is approximately
neutral between pH 7 to 8 and it is gradually positive charged
below pH 4, while it is negative charged above pH 8. This can
be attributed to the deprotonation and protonation of
chitosan [41]. This agreed with the behavior observed pre-
viously for MWCNT and chitosan as a surfactant, where
absorbance was found to be positive charged below pH 4 and
significantly negative charged above pH 8 [24, 41]. In ad-
dition, the measured membrane-surface charge was lower
than to that was analyzed by Zhan et al. [16], due to the
functional groups (carboxylic group) present in MWCNT.
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FIGURE 5: Zeta potential of MWCNT/CHIT evaporative cast
membrane.

3.5. Permeability Salt Rejection Study of Membrane. The
discussion in the previous sections illustrates the possibility
of incorporating MWCNT and chitosan in order to develop
mechanically strong and hydrophilic membranes. These
characteristics are essential for membranes with potential
use in nanofiltration and microfiltration processes. The next
step in investigating the suitability of the membrane for
filtration applications was to test the water permeability of
the evaporative cast membrane, using the NF/RO system.
Water permeability graph for MWCNT/CHIT is illustrated
in Figure 6. Plot of the permeate flux against pressure applied
indicates a linear relationship for evaporative cast mem-
brane as illustrated in Figure 6. Equation (1) was used to
estimate the membrane flux (f). The water permeability rate
of the evaporative cast membrane (MWCNT/chitosan) was
approximately 0.75 + 0.1 L-m~>h~".bar. Resulting value is in
good agreement with our previous investigation for the
MWCNT/chitosan bucky paper membrane, which was
prepared by using the filtration method (our work). In
addition, the water permeability of the evaporative cast
membrane (MWCNT/Chitosan) was slightly higher than the
MWCNT/chitosan-glycerin membrane, while the water
permeability of the MWCNT/chitosan-PEGDE membrane
was significantly lower than the membrane (MWCNT/
chitosan) that was fabricated in this study as shown in
Table 1.

Salt rejection of EC membranes was investigated
using four inorganic electrolyte solutions (NaCl, Na,SOy,
MgSO,, and MgCl,), with a salt concentration of 2 g/l,
applied pressure ranging from 3-20 bar, and temperature
of 20°C £ 2°C, using a cross-flow NF/RO system. Figure 7
shows that the rejection of four inorganic electrolyte
solutions was found to increase as the applied pressure
was increased. The rejection order follows that R (MgCl,)
>R (NaCl) >R (MgSO,) >R (Na,SO,). In addition, the
rejection of MgCl, was demonstrated to be significantly
greater than other three inorganic electrolyte solutions
(NaCl, MgSO,, and Na,SO,). The observed behavior of
the EC membrane (MWCNT/CHIT) is in good agree-
ment with previous studies, which showed the similar
order of rejection as R (MgCl,) >R (NaCl) >R (MgSO,)
>R (Na,SO,) [41, 43, 44]. Consequentially, the MWCNT/
CHIT membranes demonstrated stronger sorption to CI™
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Figure 7: Effect of the operating pressure on the rejection per-
formance of the MWCNT/CHIT evaporative cast membrane.

rather than SO, ions. This may be related to stronger
interaction among the anions in MgCl, and functional
groups available on the surface of the EC membrane. In
addition, the Mg>" ions can interact with anions on the
surface of the membrane leading to decrease in the ef-
fective surface charge on the membrane [45]. This in turn
makes the ions less absorbable on the surface of the EC
membranes. This may be because the cation shield affects
the membrane repulsive forces on the anions [46].

3.6. Effect of pH on Salt Rejection. The rejection of NaCl and
MgSO, was studied on the MWCNT/chitosan EC mem-
brane at 20 + 2°C at the pH range from 3 to 10. The pressure
was kept at 15bar to obtain the same permeate flux for
studying the effect of pH on the salt rejection as presented in
Figure 8 The EC membrane had high salt rejection for both
salts when the feed solution became acidic, and NaCl and
MgSO, were 61 and 27%, respectively. In addition, the salt
rejection gradually decreases for both solutions till they
reach steady state after pH 9 for NaCl and beyond pH 8 for
MgSO,. These phenomena show that, it could to be at-
tributed to the protonation of free amino groups in chitosan
[41]. Based on the previous literature reports which stated
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that the amino groups (NH,) on the chitosan structure can
be protonated at low pH, resulting the NH} groups, which
are mainly responsible for significantly increasing the ex-
change between anions and negatively charged surfaces
[47, 48].

4. Conclusion

In the present study, a nanocomposite membrane multi-
walled carbon nanotube (MWCNT)/chitosan fabricated by
using evaporative casting (EC) method, which effectively
elucidates the correlation between permeability and selec-
tivity, was prepared. The simultaneous increase in flux and
the high salt rejection ability factor suggested that the
amalgamation of MWCNTs could bring about the packing
of hydrophilic chains in the matrix, provided that internal
nanochannels exist for enriched water permeation through
the nanoscale opening of the MWCNTs. The addition of
MWCNTs into the chitosan significantly improves crystal-
linity and tensile strength. A comprehensive study for
properties of this membrane was investigated. The EC
membrane has high mechanical properties whose tensile
strength was 28+ 1 MPa. In addition, it provided an ex-
cellent salt rejection at high acidic media for NaCl than
MgSO,. Additionally, the incorporation of the MWCNT/
chitosan composite also primes to the principally enriched
mechanical property of chitosan composite membranes.
Also, the composite MWCNT/chitosan may play more
significant roles in a wide application, such as separation of
biomedical products, wound dressings, and the model for
mass transport of the biological membrane.
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The high cost, potential toxicity, and possible enzyme inhibition ability of artificial mediators have limited the large-scale
application of laccase (Lac)/mediator systems. Here, sinapic acid (SA), a natural mediator, was covalently attached to amino-
functionalized magnetic nanoparticles (MNPs) via amide bond formation. The as-prepared SA@MNPs were characterized by
Fourier-transform infrared spectroscopy, scanning electron microscopy, cyclic voltammetry, and thermogravimetric analysis. The
SA@MNPs were then applied to evaluate the activity of the immobilized mediator for Lac-catalyzed dye decolorization using
indigo carmine (IC) as a model dye. When SA and SA@MNPs were used as Lac mediators, IC decolorization yields of ~93% and
96%, respectively, were obtained after 60 min. Moreover, SA@MNPs exhibited an IC decolorization yield of ~90% after being
reused for 8 cycles. The Lac/SA@MNP system was shown to degrade IC by breaking down the chromophoric group. The easy
recyclability, good reusability, nontoxicity, and relatively low cost of SA@MNPs make this immobilized natural mediator a

promising tool for dye treatment.

1. Introduction

Laccases (Lacs; p-diphenol:oxygen oxidoreductase EC
1.10.3.2) are multicopper oxidases that can use molecular
oxygen to oxidize a great variety of aromatic substrates,
typically phenolic compounds [1]. However, the direct
oxidation of nonphenolic compounds by Lacs is limited
because the redox potentials of these enzymes (typically
0.5-0.8 V) are lower than those of such substances [2].
However, Lacs are able to oxidize nonphenolic substrates
with the help of redox mediators, which are small molecules
that facilitate electron transfer between enzymes and sub-
strates [3]. Because Lacs exhibit substrate universality and
produce water as the sole reaction byproduct, they are
considered green biocatalysts. Thus, there has been in-
creasing interest in the application of Lacs in various fields

such as wood pulping, electrochemical analysis, organic
synthesis, and, especially, detoxification of recalcitrant en-
vironmental pollutants or decolorization of synthetic dyes
[4].

Lac mediators are divided into two types: artificial and
natural. Artificial mediators are synthetic small molecules
such as 2,2-azino-bis-(3-ethylbenzothiazoline)-6-sulfonic
acid (ABTS), 1-hydroxybenzotriazole (HBT), and 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO). Such mediators
have been applied in Lac-mediator-based catalytic reactions,
and the oxidation mechanisms have been elucidated [3, 5-7].
However, the large-scale application of artificial mediators
has been limited by their high cost, potential toxicity and
possible enzyme inhibition activity. Therefore, great efforts
have been made to find alternative mediators of natural
origin. In the past decade, many natural mediators, typically
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lignin-related phenols including sinapic acid (SA), syrin-
galdehyde, ferulic acid, acetosyringone, vanillin, and ace-
tovanillone, have been investigated [8, 9]. Some natural
mediators have been found to be as efficient as artificial
mediators [10]. In particular, dimethoxyphenol compounds
show even higher efficiencies than artificial mediators for the
oxidation of recalcitrant pollutants by Lac [11]. Further-
more, compared with artificial mediators, natural mediators
are environmentally friendly, relatively inexpensive, and
nontoxic.

Typically, mediators are dissolved in solution during use,
which makes recovery from the reaction medium and reuse
difficult, leading to a significant cost increase for large-scale
industrial applications [3, 12, 13]. Thus, a few researchers
have made great efforts towards recovering and reusing
mediators by immobilizing them on support materials. For
instance, ABTS immobilized on silica nanoparticles or en-
capsulated in a metal-organic framework (MIL-100(Fe)) has
been successfully applied as a mediator for Lac-catalyzed
decolorization [14, 15]. However, to the best of our
knowledge, there has been little research on the immobili-
zation of natural Lac mediators.

SA, a precursor of lignin, has been confirmed to act as a
highly efficient mediator for Lac oxidation of various re-
calcitrant compounds, including industrial dyes [11]. The
oxidation mechanism of the Lac/SA system has been
elucidated and is similar to a hydrogen atom transfer
oxidation mechanism. SA, a substituted phenol, is a good
Lac substrate because its electrochemical potential is well
matched to that of Lac. Oxidation of SA by Lac results in
the fast production of highly reactive phenoxyl radicals
(PhO), which play a similar role to nitroxyl radicals
(>N-0-) generated by the oxidation of an artificial me-
diator (HBT) through a hydrogen atom transfer oxidation
mechanism. Subsequently, these phenoxyl radicals can
oxidize target substrates. It has been confirmed that fast
oxidation of SA by Lac provides a stable, high concen-
tration of phenoxyl radicals that efficiently promote the
Lac-catalyzed decolorization of various dyes [4, 11, 16]. For
practical applications of the Lac/SA system to dye de-
colorization, the immobilization of SA would improve the
reusability of the mediator, thus reducing the running cost.
The molecular structure of SA consists of a phenol moiety
and a carboxyl moiety (Figure 1(a)). As the phenol group of
SA is responsible for the mediator activity of this com-
pound, the carboxyl group could potentially be exploited to
attach SA to an immobilization matrix such as magnetic
nanoparticles (MNPs). However, it is necessary to de-
termine whether the mediator activity of SA is maintained
following immobilization.

In the present work, our main aim was to immobilize a
natural mediator, SA, on MNPs to facilitate its recovery and
reuse. First, SA was covalently attached to amino-modified
MNPs via amide bond formation. Second, the feasibility of
using SA-modified MNPs (SA@MNPs) as a Lac mediator
was evaluated for the Lac-catalyzed decolorization of the dye
indigo carmine (IC). Finally, it was confirmed that the SA@
MNPs could be easily recovered by magnetic separation and
effectively reused as a Lac mediator.

Journal of Chemistry

2. Materials and Methods

2.1. Materials. Lac (EC 1.10.3.2, enzyme activity >0.6 U/mg)
was provided by Sunson Industry Group (Beijing, China).
ABTS was supplied by Sigma-Aldrich (St. Louis, MO, USA).
SA and 3-aminopropyltriethoxysilane (APTES) were pur-
chased from Energy Chemical (Shanghai, China). All other
chemicals and reagents were of analytical grade.

2.2. Preparation of SA-Immobilized MNPs. Amino-modified
Fe;O4 nanoparticles were synthesized according to the
method described by Mohapatra et al. [17] with slight
modifications. Briefly, 0.324 g of FeCl; and 0.278 g of FeS-
0, 7H,0 were added to 40 mL of deoxygenated water in a
100 mL three-necked flask. The mixture was stirred vigorously
at room temperature for 20 min under nitrogen protection.
Then, 3 mmoL of APTES was added to the stirred reaction
mixture over a period of 10 min. Subsequently, 3 mL 25%
NH; solution was quickly added to the flask. After 30 min of
vigorous stirring, the black precipitate was separated and
washed ten times with deionized water via magnetic de-
cantation. The resulting nanoparticles were dried at 60°C
under vacuum for 8 h. The obtained material is referred to as
APTES@MNPs. The control MNPs were prepared without
using APTES.

The MNPs coated with APTES can provide active amino
groups for amide bond formation with SA. Thus, the SA-
modified MNPs were fabricated as follows. First, 0.25 g of SA
was dissolved in 10mL of N,N-dimethylformamide in a
50 mL three-necked flask at 0°C. After 10 min, 0.28 g of N-
ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydro-
chloride was added, and the reaction mixture was stirred for
another 10min at 0°C. Subsequently, 0.4g of APTES@
MNPs, 0.2g of 4-dimethylaminopyridine, and 0.3 mL of
triethylamine were added, and the reaction mixture was
stirred for 24h under nitrogen protection at room tem-
perature. The black precipitate was recovered and then
washed five times with N,N-dimethylformamide and five
times with deionized water, respectively. The resulting
nanoparticles were dried at 60°C under vacuum for 12 h. The
obtained material is referred to as SA@MNPs.

2.3. Dye Decolorization and Measurement Activity of Lac.
IC (Figure 1(b)) was used as the model pollutant for en-
zymatic decolorization. As IC is not a phenolic substrate, Lac
needs the help of a mediator to decolorize IC completely. To
determine the optimal conditions for SA oxidation by Lac,
three buffers at pH 4.5 were used: 0.2M sodium acetate
buffer, 0.2 M citrate buffer, and 0.2 M sodium citrate buffer.
The effects of pH on Lac-catalyzed decolorization using both
SA@MNPs and SA were examined between pH 3.0 and 7.0
in 0.2 M sodium acetate buffer. The optimum pH was used
for further experiments. The decolorization conditions were
as follows: 20mg/L dye, 3000 U/L Lac, and either the
immobilized mediator (0.02g/L SA@MNPs) or the free
mediator (15.4 uM SA) at pH 5.0. Unless otherwise specified,
the decolorization experiments were carried out in 5mL
centrifuge tubes and the mixtures were shaken at 150 rpm at
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room temperature. Control reactions were also performed to
study the decolorization efficiency using Lac or SA@MNPs
alone. Dye degradation was monitored using UV-Vis
spectroscopy by recording the absorbance spectrum of the
dye between 250 and 800nm. The extent of IC de-
colorization was determined based on the decrease in ab-
sorbance at A, =615nm using the following formula:
decolorization (%)= (A¢—A)/Ay, where A, is the initial
absorbance of the dye at A,,,,=615nm and A, is the ab-
sorbance after the specified reaction time. In addition, the
band at 515 nm was used as a characteristic absorption peak
to monitor SA oxidation in solution. All experiments were
performed at least in triplicate. The data presented herein
correspond to mean values with standard errors.

Assays of Lac activities were conducted spectrophoto-
metrically using ABTS as a substrate [13]. The reaction was
initiated by adding 0.1 mL of the Lac solution into 2.7 mL of
sodium acetate buffer solution (50 mM, pH 4.0) and 0.2 mL
of ABTS (4 mmol/L), and then the mixtures are incubated at
25°C for 3 min. The increase in absorbance of the solution
was recorded at the wavelength of 420 nm.

2.4. Reusability and Stability of SA@MNPs. The reusability of
the SA@MNPs was assessed over 8 decolorization cycles. At
the end of each cycle, the SA@MNPs was recovered with a
magnet, washed three times with distilled water, and then
used for a new cycle. The data presented herein are average
values of triplicate measurements. The storage stability of the
SA@MNPs was evaluated by storing the SA@MNPs at room
temperature in water and in pH 5.0 and 9.0 disodium hy-
drogen phosphate-citric acid buffers. The amount of SA in
the supernatant was determined periodically over 10 days by
monitoring changes in the UV-Vis absorbance spectrum. In
addition, the characteristic Fourier-transform infrared (FT-
IR) vibration bands of the as-prepared SA@MNPs were
compared with those of the SA@MNPs after 8 catalytic
cycles. The statistical significance of differences was com-
pared and analyzed using Student’s t tests or one-way
analysis of variance by GraphPad Prism7 Software. Differ-
ences with p values of less than 0.05 were considered sta-
tistically significant.

2.5. Characterization Methods. Transmission electron mi-
croscopy (TEM) was carried out using a model 9000

transmission electron microscope (Hitachi, Japan). Field-
emission scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS) were performed with a
JSM 6700F scanning electron microscope (JEOL, Japan). FT-
IR spectra were recorded with a Tensor 27 spectrometer
(Bruker, Germany) using the KBr pellet technique. Cyclic
voltammetry (CV) measurements were performed with a
CHI600E electrochemical workstation (CH Instruments,
USA). Thermogravimetric analysis (TGA) of the as-syn-
thesized MNPs was carried out using a LENSES STAPT-
1000 calorimeter (Germany) by scanning up to 700°C at a
heating rate of 10°C/min. UV-Vis spectroscopy was per-
formed with a CARY 50 spectrophotometer (Varian, USA).

3. Results and Discussion

3.1. Synthesis and Characterization of SA-Immobilized MNPs.
Owing to their attractive features, such as easy surface
modification, convenient separation, and nontoxicity [18-
20], Fe30, MNPs were selected as a support material for the
immobilization of SA. The preparation of SA@MNPs is il-
lustrated in Scheme 1. The FT-IR spectra of MNPs, SA,
APTES@MNPs, and SA@MNPs are given in Figure 2.
Compared with the FT-IR spectrum of the MNPs, the FT-IR
spectrum of APTES@MNPs exhibited new peaks at
1052 cm ™, corresponding to the Si-O-Si stretching vibra-
tion, ~1125cm ™", corresponding to the C-N stretching vi-
bration, and ~3420 and ~1620 cm™’, corresponding to the
-NH, groups of the APTES [21]. In addition, a strong peak
was observed at ~575cm™" corresponding to the Fe-O-Fe
vibration. These results indicated that the MNPs were
successfully coated with APTES to give amino-functional-
ized MNPs. In the FT-IR spectrum of SA@MNPs, peaks
were observed at ~3352 and 1680 cm ™' corresponding to the
-NH stretching vibration and C=0O stretching vibration,
respectively, of an amide bond [21]. Amide bond formation
occurred via the reaction between the carboxyl group of SA
and an amino group on the APTES@MNPs. Furthermore, a
comparison of the FT-IR spectra of SA, APTES@MNPs, and
SA@MNPs shows that the characteristic bands of both of SA
and APTES@MNPs are clearly observable in the FT-IR
spectrum of SA@MNPs, indicating that the amino-func-
tionalized MNPs were successfully modified with SA. Owing
to magnetic dipole interactions, both MNPs and APTES@
MNPs tended to agglomerate, resulting in clusters, as shown
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in the TEM images (Figures 3(a) and 3(b)). As observed in
the TEM images, the mean size of the APTES@MNPs was
slightly larger than that of the MNPs, and this difference was
attributed to the APTES coating.

TGA showed that MNPs, APTES@MNPs, and SA@
MNPs had different decomposition temperatures (Figure 4).
The total weight loss observed for the MNPs was ~4%,
whereas that for the APTES@MNPs was ~10%. Unlike the
MNPs, the APTES@MNPs showed a two-step de-
composition process. The first weight loss (115-200°C)
corresponded to the loss of water from the sample. The
second significant weight loss of ~6% (250-420°C) corre-
sponded to the thermal degradation of APTES. Notably, the
total weight loss of SA@MNPs was much greater (~28%) and
a three-step decomposition process was observed. The first
two weight loss steps were similar to those of the APTES@
MNPs, whereas the third weight loss step of approximately
15% was assigned to the thermal decomposition of SA. These
results indicated that the MNPs were coated with APTES
and that SA was covalently attached to the APTES@MNPs.

As shown in Figure 5(a), the SEM-mapping images
confirm the presence of C, Si, and Fe in the SA@MNPs. In
addition, the dispersion of Si and C on the surfaces of the
SA@MNPs suggests that the MNPs were homogeneously
coated with APTES and SA. Moreover, the EDS spectrum
(Figure 5(b)) further confirmed that C, O, N, Si, and Fe were
present in the SA@MNPs, providing clear evidence for the
formation of SA@MNP nanocomposites. The amount of
amino groups on the surface of MNPs was determined using
a spectrophotometric assay according to the method de-
scribed by Mohapatra et al. [17]. The change in the amount

of amino groups before and after SA grafting indicated that
the concentration of SA on the surface of MNPs was
~770 ymol/g.

The electrochemical behavior was examined by CV
using glassy carbon electrode (GCEs) coated with films of
the as-synthesized MNPs at pH 5.0 in sodium acetate buffer
(Figure 6). Although the electrochemical behavior of
APTES@MNPs/GCE and SA@MNPs/GCE was similar,
different behavior was observed in the presence of Lac. Lac/
APTES@MNPs/GCE exhibited no obvious redox peaks at
applied potentials between 0 and +1.0 V, whereas Lac/SA@
MNPs/GCE showed a well-defined reversible signal at
0.4V, which was ascribed to the reversible oxidation of
immobilized SA by Lac. This result indicated that SA
immobilized on MNPs plays a role in electron transfer
between the electrode and Lac and can still act as a Lac
mediator, similar to free SA.

3.2. Effects of pH on Dye Decolorization. To explore the ability
of SA to act as a Lac mediator, the effects of the buffer type
and pH on SA oxidation by Lac were evaluated. To monitor
SA oxidation, the absorbance spectra of the SA were
recorded between 200 and 750 nm before and after Lac
oxidation. As shown in Figure 7(a), SA in solution showed
two characteristic absorption bands at 232 and 300 nm.
Upon incubation of SA with Lac at pH 5 in sodium acetate
buffer for approximately 30 min, an intense brown-red color
appeared. Simultaneously, the band at 300 nm nearly dis-
appeared and a new band appeared at 515 nm suggesting the
formation of the new product resulting from SA oxidation
by Lac. Therefore, the band at 515nm was used as a char-
acteristic absorption peak to monitor SA oxidation in so-
lution. The catalytic activity of Lac for SA oxidation was
compared in various buffers. As shown in Figure 7(b), the
oxidation rate in sodium acetate buffer was highest in three
kinds of buffer (F (2, 6)=64.24, p<0.05). Thus, sodium
acetate buffer was used for further experiments. In addition,
the optimum pH for maximizing SA oxidation by Lac was
found to be 5.0, as shown in Figure 7(c).

The effects of pH on dye decolorization by Lac, Lac with
the free mediator (SA), and Lac with the immobilized
mediator (SA@MNPs) were then evaluated in sodium ac-
etate buffer between pH 3.0 and 7.0. Figure 7(d) shows that
the maximum decolorization by Lac was achieved at pH 4.5,
likely because the catalytic activity Lac for decolorization of
IC was maximized at this pH value [14]. However, both the
Lac/SA system and the Lac/SA@MNP system exhibited
maximum decolorization at pH 5.0. This slight shift in the
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FiGure 3: TEM images of (a) MNPs and (b) APTES@MNPs.
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FIGURE 4: TGA thermograms of MNPs, APTES@MNPs, and SA@
MNPs.

optimum pH relative to that for Lac alone may be attrib-
utable to the fact that the optimum pH for oxidation of SA by
Lac was 5.0, as shown in Figure 7(c). It is also possible that
electron transfer between the dye molecules, the SA me-
diator, the MNPs, and Lac is more favorable at pH 5.0. Many
studies have found that acidic pH values enhance the ac-
tivities of most Lacs [22-24]. Increasing the pH further
resulted in an evident decrease in the decolorization ac-
tivities of both the Lac/SA and Lac/SA@MNP systems.
However, the latter displayed higher decolorization activities

than the former at pH values above 5.0, suggesting that the
environmental pH value had little influence on the activity of
SA as mediator following immobilization.

3.3. Dye Decolorization Efficiencies. To evaluate the effect of
the SA@MNPs on Lac-catalyzed decolorization, the de-
colorization efficiency of the Lac/SA@MNP system was
compared with those of the Lac/SA system, SA@MNPs,
and Lac alone (Figure 8). For Lac alone, only ~10% dye
decolorization was obtained within 30 min. Previous re-
ports have shown that Lac is not able to degrade IC
completely without a mediator because IC is a nonphenolic
compound, which is not a typical substrate for Lac [14]. In
the case of SA@MNPs, negligible decolorization (~6%) was
obtained after 30 min, and this value remained almost
constant throughout the reaction time. Thus, the observed
decolorization is mainly due to the adsorption of the dye
molecules on the SA@MNPs. These results implied that Lac
degradation alone and nanoparticle adsorption have neg-
ligible effects on the decolorization of IC. In comparison,
Lac with the free mediator (Lac/SA) achieved almost
complete decolorization of IC (~93%) within 60 min, and
Lac with the immobilized mediator (SA@MNPs) realized a
similar decolorization efficiency (~96%) within 60 min.
These results indicated that SA immobilized on the MNPs
maintained the same activity as free SA for mediating Lac-
catalyzed dye decolorization. Notably, these high de-
colorization efficiencies were due to the effect of the me-
diator instead of Lac alone or the MNPs. In comparison,
our previous reports have shown that ABTS, an artificial
mediator, immobilized on silica nanoparticles or encap-
sulated in a metal-organic framework exhibited a higher
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FIGURE 5: (a) SEM-mapping images of the distribution of various elements on the surfaces of SA@MNPs. (b) EDS spectrum and cor-
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Figure 6: Cyclic voltammograms of APTES@MNPs and SA@
MNPs coated on GCEs at a sweep rate of 20 mV/s in 0.05 M sodium
acetate buffer at pH 5.0 in the absence and presence of Lac.

decolorization efficiency than SA@MNPs, which may at-
tribute to the oxidation mechanism of SA and ABTS as
mediators in the Lac-catalyzed reaction [14, 15]. It had been

reported that ABTS-mediated oxidations belong to an
electron transfer mechanism, and SA-mediated oxidations
are a hydrogen atom transfer mechanism [11].

3.4. Reusability of SA@MNPs. To evaluate the reusability of
the immobilized mediator, the SA@MNPs were recovered
and reused for dye decolorization for up to 8 cycles, as shown
in Figure 9(a). Using a reaction time of 60 min, very high
decolorization rates were obtained by employing the same
SA@MNPs over 8 runs. However, the decolorization effi-
ciency decreased significantly (F (7, 16) =2.786, p <0.05)
after 8 cycles, and approximately 90% decolorization was
achieved. On the one hand, this decrease may be due to
partial destruction of the SA@MNPs during the reaction
and/or the loss of some SA@MNPs during magnetic re-
covery. Similar observations have been reported previously
for immobilized-mediator-catalyzed dye decolorization re-
actions [15, 25, 26]. On the other hand, the accumulation of
dye degradation products on the surface of the SA@MNPs
may depress the activity of the enzyme, resulting in a re-
duction in the decolorization efficiency during the sub-
sequent cycle [27].
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As shown in Figure 9(b), the UV-Vis absorption spec-
trum of IC exhibits two characteristic absorption bands at
288 and 615 nm. The blue color of the solution decreased in
intensity following treatment with the Lac/SA@MNP sys-
tem, with the reaction mixture turning pale yellow after
complete decolorization. Simultaneously, the absorbance
peaks at 288 and 615 nm disappeared. These results indicated
that destruction of the molecular structure of the dye was
catalyzed by Lac in the presence of the SA@MNPs, resulting
in complete decolorization of IC. According to the previous
reports, the decomposition of chromophores and benzene
rings removes the toxicity of dyes by preventing the for-
mation of aromatic amines [28].

Although Lac mediators have been used in various
applications, their high cost, especially for artificial medi-
ators, has limited large-scale applications [29]. Moreover,

most mediators used in various applications are dissolved in
the reaction medium. Thus, after use and abandonment, the
potential toxicity of the mediators can cause environmental
problems [30]. Considering the potential economic and
environmental benefits, it is very important to recover and
reuse mediators for large-scale applications of Lac/mediator
systems in various fields [8, 10, 30, 31]. It has been reported
that mediator immobilization is an effective way to achieve
this goal, and the successful immobilization of several ar-
tificial on various materials has been reported. For example,
a Lac redox mediator (ABTS) was immobilized on a mac-
roporous cryogel by electron irradiation to assist the Lac-
catalyzed degradation of bisphenol A [32]. In addition,
ABTS had been successfully attached to silica nanoparticles
and a mesoporous metal-organic framework, and the
immobilized ABTS played a similar role to free ABTS in
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mediating Lac-catalyzed dye decolorization [14, 15].
Moreover, polyethylene glycol was modified with TEMPO,
and the resulting immobilized redox mediator exhibited
reusability for Lac-catalyzed dye decolorization [26]. Fur-
thermore, efficient catalytic performance and easy re-
coverability were achieved by co-immobilization of Lac and
a mediator in the same matrix [33, 34]. In this work, the
natural mediator SA was immobilized on magnetically
separable MNPs to facilitate its recovery and reuse. As
shown in Figure 9(c), the SA@MNPs could be efficiently
separated from the reaction solution using a magnet after
being applied as a decolorization mediator. This strategy
provides two advantages. First, the easy recoverability of the
SA@MNPs contributes to this system having lower running
costs than systems with nonmagnetic immobilization ma-
trices. Second, and more importantly, as SA is a natural
compound that is environmentally friendly and nontoxic,
this system avoids the environmental problems that may be
associated with the use of artificial mediators.

However, there is an important limitation that should
also be pointed out. In fact, a powdered form of SA@MNPs
is too small to leak out easily from wastewater treatment
systems. One solution to the problem is to entrap SA@MNPs
and laccase together into polysaccharides like chitosan,
pectin, and alginate, to form beads. Another solution to the
problem is to co-immobilize SA@MNPs and laccase onto the
membrane to form enzymatic membrane bioreactor. It has
been reported that the degradation of phenolic and non-
phenolic trace organic contaminants was significantly en-
hanced in enzymatic membrane bioreactor fabricated by

laccase and redox-mediator [35]. Thus, these methods will
further contribute to the reusability of SA@MNPs. In ad-
dition, as a new system, there are some problems remain
unresolved, one of which is the environmental safety of the
usage of the nanoparticles.

3.5. Catalytic Cycle of SA@MNPs. Several authors have de-
scribed the role of mediators in Lac/mediator catalytic
systems [35, 36]. Previous reports have suggested that a
hydrogen atom transfer oxidation mechanism can be used to
understand the role of SA as a mediator in the Lac-catalyzed
reaction [11]. The catalytic cycle of the SA@MNPs in Lac-
catalyzed dye decolorization is shown in Scheme 2. First, SA
covalently attached to the MNPs is oxidized by Lac to form
highly reactive phenoxyl radicals (SA-). Subsequently, the
phenoxyl radicals participate in nonenzymatic oxidation
reactions with dye molecules cannot be efficiently oxidized
by Lac alone. The phenoxyl radicals can be reduced to their
original form by dye molecules, resulting in the simulta-
neous oxidation of the dye molecules to their intermediates,
thus completing one catalytic cycle. After the dye is com-
pletely decolorized by Lac/SA@MNPs-catalyzed oxidation,
the SA@MNPs are recovered and recycled. The redox me-
diators act as electron shuttles and provide an indirect
oxidation step. The oxidized radical form of the SA is able to
oxidize a wide range of substrates, including compounds
with a high redox and/or nonphenolic compound. Previous
research has reported that phenolic compounds related to
lignin have shown their capability and efficiency to act as
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F1GURE 10: UV-Vis spectra of SA@MNPs dispersed in (a) water, (b) pH 5.0 buffer, and (c) pH 9.0 buffer for 1, 10, and 5 d (d) FT-IR spectra of

the as-synthesized and recycled SA@MNPs samples.

natural Lac mediators [37]. Although ABTS and HBT are
well-known artificial redox mediators for Lac, these medi-
ators are not economically feasible. Furthermore, Lac sta-
bility and activity was decreased when incubated with
artificial these redox mediators in the long run. Thus, natural
mediators have been used due to their environmental

friendliness, low-cost, and good biocompatibility to laccase
[38].

3.6. Stability Analysis. Recovery and recycling of the me-
diator will only be efficient if the SA@MNPs are stable in
various solutions. Thus, the storage stability of the SA@
MNPs and the potential detachment of SA from the SA@
MNPs should be assessed. The characteristic absorption
band of unoxidized SA at 300 nm (Figure 7(a)) was used to
estimate the concentration of SA in solution. As shown in
Figures 10(a)-10(c), following the dispersion of the SA@
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MNPs in water, pH 5.0 buffer, and pH 9.0 buffer, re-
spectively, little SA was observed in the supernatant solution
after 1, 5, and 10 d, implying that SA was not detached from
the SA@MNPs via hydrolysis of the amide bond. These
results confirmed that the SA@MNPs exhibited good sta-
bility in solution under different pH conditions. In addition,
the characteristic FT-IR bands of the SA@MNPs after 8
catalytic cycles were compared with those of the as-prepared
SA@MNPs, as shown in Figure 10(d). There were no obvious
changes in the characteristic bands, which further confirmed
that the structure of the SA@MNPs was maintained with
negligible loss of SA. This stability may be attributed to the
fact that SA was covalently attached to the MNPs rather than
adsorbed on the surface.

4. Conclusion

In view of the high costs of synthetic mediators and their
potential toxicities, the practical application of Lac/mediator
systems on a large scale is severely limited. In this work, a
natural mediator (SA) was covalently attached to amino-
modified MNPs via amide bond formation. Similar to free
SA, SA immobilized on the MNPs was shown to be an
efficient mediator for Lac-catalyzed dye decolorization.
Moreover, the structure of the SA@MNPs was maintained
over 8 cycles and essentially no SA was released into the
supernatant after storage in solution for 10days, thus
confirming the stability of the SA@MNPs. Furthermore, the
SA@MNPs were magnetically separable, facilitating easy
recovery and recycling. These results confirmed that SA@
MNPs can improve the efficiency of mediator utilization and
reduce both the costs and the secondary pollution associated
with the use of synthetic mediators. Thus, this immobilized
natural mediator shows potential for practical application in
the treatment of dye wastewater.
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The blue coke activated carbon (BAC) modified by nitric acid at different concentrations was used as an adsorbent to remove COD
from coking wastewater. Characterization of BAC was performed using N, adsorption/desorption techniques, scanning electron
microscope (SEM), Fourier transform infrared spectroscopy (FTIR), and Boehm titration. The results showed the Brunner—
Emmet-Teller (BET) specific surface area and iodine value of BAC became higher after modification, and the adsorption capacity
of BAC for coking wastewater was effectively improved with nitric acid modification. The optimal nitric acid concentration for
modification was 3 mol/L (BAC-N3), which had more acid functional group contents than unmodified. The chemical oxygen
demand (COD) removal rate was to reach 77.05% when 4 g BAC-N3 was added into 50 mL coking wastewater in 120 min with a
shaking speed of 100 rpm at 25°C. Langmuir model could better describe equilibrium adsorption data by BAC-N3, and the kinetic

study showed that the adsorption process was best fitted by the pseudo-second-order kinetic model.

1. Introduction

Blue coke consists of solid carbon materials and is prepared
by medium- and low-temperature dry distillation with Ju-
rassic nonstick coal and slightly caked coal as raw materials,
which are widespread in the Shaan-Gan-Ning-Meng-Jin
Region of northwestern China [1]. In these areas, blue coke
plays an important role in the coal chemical industry be-
cause of its high fixed carbon content, specific resistance,
chemical activity, and low ash content, sulfur content,
phosphorus content, and volatility [2].

Nowadays, carbon solid wastes are used as raw materials
for the preparation of activated carbon (AC) in addition to
traditional wood, fruit shell, and coal [3-5]. Blue coke
powder, a by-product of blue coke production, trans-
portation, and storage, has a grain size of less than 6 mm and
has been associated with environmental challenges [6].
However, blue coke powder offers potential as a high-quality
and cheap raw material for AC production because of its
previously mentioned characteristics. A type of BAC was

prepared from blue coke powder using KOH activation by
Song et al. [2], yielding a product with a 733.48 mg/g iodine
adsorption value at 800°C. BAC with a BET specific surface
area of 738.75m?/g was prepared by steam activation at
900°C [6]. Mesoporous BAC, with a BET specific surface area
reaching 513.62 m°/g, was prepared by Tian et al. through
KOH activation within microwave [7]. However, the above
BAC suffers from drawbacks of pore structure irregularity,
low surface area, disordered pore size distribution, and
limited surface chemical properties. For obtaining quality
AC according to different purposes, physical and chemical
modifications were employed to adjust the pore structure
and improved the surface chemical properties of AC, which
have important significance for the development of AC
industry.

Acid oxidation modification is one of the common
methods that can dredge the AC-blocked pores, improve
pore structure, and increase the number of oxygen-con-
taining functional groups on the surface and enhance their
hydrophilicity. Many scholars have studied AC modification
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by using nitric acid, which is a commonly used modifier [8].
Soltani et al. [9] modified cigarette filter AC by using nitric
acid under different concentrations and contact time, and
the AC had more mesopores and had a 57.8% increase in the
surface acidity compared to the nonmodified AC. Tong et al.
[10] found that modification by nitric acid can increase the
number of oxygen-containing functional groups and ni-
trogen-containing functional groups in the AC surface and
improve the adsorption effect on mercury. Zhang et al. [11]
studied the adsorption of benzothiophene in simulated
gasoline by nitric acid-modified AC and found a 33.7%
increase in absorption capacity after modification. Babel
etal. [12] investigated the HNOj3- and H,SO,4-modified AC’s
ability to remove Cr(VI) from synthetic wastewater, and
they found that the HNO;-modified AC exhibits an im-
proved adsorption effect because the number of oxygen-
containing functional groups was increased by the modifi-
cation, which caused electrostatic attraction, hydrophobic
interaction, and chemical bonding.

Coking wastewater, which is produced from coking, gas
purification, and chemical product recovery, is a highly
concentrated, highly polluting, and highly toxic industrial
organic wastewater. Coking wastewater is harm to the envi-
ronment due to its high concentration of NH,"-N, phenols,
poison, and its difficult degradation by using organisms [13].
Moreover, AC is widely used to treat coking wastewater be-
cause of its simple operation, strong adsorption, good stability,
and convenient regeneration. Many scholars have done a lot of
research studies on physical structure and chemical property
improvements of AC and enhancement of adsorption effect,
and these studies have been made a lot of achievements. To
date, however, few studies have directly addressed modifica-
tion of BAC which was prepared by blue coke powder.

Although nitric acid is one of the most common AC
modifiers, few studies have focused on the BAC which was
prepared by disused blue coke powder. In this paper, BAC
was modified using nitric acid at different concentrations.
We analyzed the effect of the modification on pore structure
and surface chemical properties. Then, the optimal tech-
nological process and adsorption thermodynamics and ki-
netics of COD from coking wastewater onto BAC were
studied for the modified AC technology and reasonable
discharge of coking wastewater.

2. Materials and Methods

2.1. Materials. 'The blue coke powder was provided by a blue
coke enterprise in Shaanxi Province, China. The industrial
and elemental analyses of which are shown in Table 1. As
shown in Table 1, the blue coke powder has more ash
content, which is significantly higher than other raw ma-
terials of AC.

The experimental coking wastewater was obtained from
a coal chemical enterprise in Shaanxi Province, and the main
index of which is presented in Table 2.

The reagents used in the experiment were as follows:
HNO;, AgSO,, Na,S,0;, K,Cr,0,, HCI, H,SO, (NH,)
2Fe(S0O,),-6H,0, L,, KI, starch indicator, and ferrous metal
indicator, all of which were analytically pure.

Journal of Chemistry

TaBLE 1: Proximate and elemental analyses of blue coke powder.

Proximate analysis Elemental analysis

Blue Mt Aad Vad Fcad Cad Oad Had Nad Strad
coke 2.15 16.77 12.07 69.01 72.88 0.3 1.06 0.88 0.6
powder

Note: M, is the total moisture content, A,; is the ash content as air dry
basis, V,4is the volatile content as air dry basis, FC,, is the fixed carbon
content as air dry basis, C,4 is the carbon element content as air dry
basis, O,4 is the oxygen element content as air dry basis, H,, is the
hydrogen element content as air dry basis, N, is the nitrogen element
content as air dry basis, and S; .4 is the sulphur element content as air
dry basis.

TaBLE 2: Main index of coking wastewater.

COD NH,"-N
(mg/L)  (mg/g)
3604  303.15

Phenol (mg/g) pH

Coking wastewater 911.26 8.74

2.2. Methods

2.2.1. Preparation of BAC. BAC was produced via steam
activation at 900°C, which is based on a preliminary study
[7], and yielded a product termed BAC-0.

2.2.2. Modification of BAC. BAC was modified by nitric acid
as follows: under the room temperature, 10 g of BAC-0 was
impregnated with 50 mL of HNO; (the concentrations were
1 mol/L, 2mol/L, 3mol/L, and 4 mol/L, respectively) in a
joined conical bottle that was placed in a rotating water bath
oscillator (HY-8) for 4h at a shaking speed of 100 rpm.
Afterward, the mixture was filtered and the solid was washed
with sufficient distilled water until the pH of the solution
closed to neutral. The resulting materials were termed as
BAC-N1, BAC-N2, BAC-N3, and BAC-N4, respectively.

2.2.3. Adsorption of Coking Wastewater

Effect of Modification Conditions. 5g of BACs was dispersed
in a conical bottle containing 50 mL of coking wastewater,
respectively. The mixture was then agitated at 25°C in a
rotating water bath oscillator at 100 rpm for 4h for equi-
librium. The COD removal rate could be calculated using the
following equation:

COD removal rate = Co ™ Ce x 100%, (1)
CO
(co—c)V
9e = OT (2)

where ¢, is the equilibrium adsorption capacity (mg/g), ¢, is
the COD of the raw coking wastewater (mg/L), ¢, is the COD
of coking wastewater after adsorption equilibrium (mg/L), m
is the addition amount of adsorbent (g), and V' is the volume
of coking wastewater (L).

Effect of Addition Amount and Isothermal Adsorption Ex-
periment. A predetermined amount of adsorbent was
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dispersed in a conical bottle containing 50 mL of coking
wastewater. The mixture was agitated at 25°C in a rotating
water bath oscillator at 100 rpm for 4h. The COD removal
rate and equilibrium adsorption capacity were calculated
using equations (1) and (2), respectively. The Langmuir and
Freundlich equations were used to fit the isothermal ad-
sorption process.

Influence of Shaking Speed and Adsorption Kinetics Exper-
iment. The optimum addition amount of optimal adsorbents
was dispersed in a conical bottle containing 50 mL of coking
wastewater. The mixture was agitated in a rotating water
bath oscillator at 25°C. The shaking speed was set at 0 rpm,
100 rpm, and 200 rpm, and sampling was performed at
10min, 30 min, 60min, 90min, 120 min, 150 min, and
180 min. The g, and COD removal rate were calculated using
equations (3) and (1), respectively:
(co—c)V

qr = m 3)
where ¢, is the adsorption capacity of time t (mg/g) and c is
the COD of coking wastewater at time t (mg/L).

2.3.  Characterization of Prepared BAC and Coking
Wastewater. The COD was determined by GB 11914-1989
(China). Iodine number was determined by GB/T 7702.7-
2008 (China). The yield (Y) was estimated from the mass
ratio of modified BAC to unmodified BAC. The BET specific
surface area and pore structure of the BAC were obtained
using a fully automatic physical adsorption apparatus
(ASAP2420) by a nitrogen adsorption/desorption isotherm
that was determined at 77.35K. The morphology of the
BACs was examined by scanning electron microscopy (JSM-
6700F). The functional groups on the surface of the BAC
were identified by Fourier transform infrared spectroscopy.

In general, although the kind and relative content of
surface functional group of BAC can be analysed by FTIR,
the actual content cannot be obtained. Well, the Boehm
titration can solve this problem perfectly. According to the
definition of the Boehm titration, the alkaline solutions with
different basicity can only react with different acidity
functional group on the surface of BAC. For example,
NaHCOj; only reacts with carboxyl group, Na,COj; can react
with carboxyl and lactone groups, and NaOH can react with
carboxyl group, lactone group, and phenolic hydroxyl
group. Similarly, HCI can neutralize the basic functional
group on the surface of BAC.

The determination method is as follows: 1.00 g of BAC
was impregnated with in four 100 mL conical bottles, re-
spectively, which impregnated in 50 mL of HCI, NaOH,
Na,CO;, and NaHCOj; solution, respectively (the concen-
tration is 0.05 mol/L). These were placed in a rotating water
bath oscillator for 48h at 25°C with a shaking speed of
100 rpm. Afterward, the solution was filtered and stored in
sealed condition. 10 mL of HCI filtrate was added into a
conical bottle which was titrated with 0.05mol/L NaOH
solution. 10 mL of NaOH, Na,CQO3, and NaHCO; filtrate was
added into the conical bottle, respectively, which were

titrated with 0.05mol/L HCI solution. The consumption of
HCI and NaOH solution can be calculated.

The specific calculation method of functional groups
content is as follows:

(i) The content of basic functional group (#pagicity)

The HCl neutralized the basic functional group on the
surface of BAC, and the consumption of HCI (11y¢,
consume) €an be calculated by NaOH titration, which
equals the content of basic functional group:

nbasicity = nHCl,consume . (4)

(ii) The content of carboxyl group (nroon)

The NaHCOj; neutralized the carboxyl group on the
surface of BAC, and the consumption of NaHCO;
(MNaHCO3 consume) €an be calculated by HCI titration,
which equals the content of carboxyl group:

nROOH = nNaHCO3,consume' (5)

(iii) The content of lactone group (nrcoocor:)

The Na,COj3 neutralized with carboxyl and lactone
groups on the surface of BAC, the consumption of
Na,COj3 (MNa2c03,consume) €an be calculated by HCI
titration, and the content of lactone group is cal-
culated as follows:

NRCooOCoRrR® = nNaZCO3>consume - nNaHCO3,consume' (6)

(iv) The content of phenolic hydroxyl group (narom)

The NaOH neutralized with carboxyl group, lactone
group, and phenolic hydroxyl group on the surface
of BAC, the consumption of NaOH (nn.0H consume)
can be calculated by HCI titration, and the content
of phenolic hydroxyl group is calculated as follows:

nAROH = nNaOH,consume - nNaZCO3,consume' (7)

(v) The content of acidity functional group (#idity)

The content of acidity functional group equals the
consumption of NaOH solution (#N.0H, consume)> and
it is also equal to the sum of nugdiy MarOHS
NRrRcooCcoR> and NRroOH-

Macidity = PNaOH,consume = MAROH T 'rRcoocor' T MrOOH-

(8)

3. Results and Discussion
3.1. Adsorbent Characterization

3.1.1. Effect of Pore Structure. The pore structure parameters,
iodine value yield, and ash content of BACs are shown in
Table 3. The iodine value and BET specific surface area of
BAC after modification were higher than those of un-
modified, and the value increased with concentration rising
from 1 mol/L to 3 mol/L. This finding was partly because the
blue coke powder, which was the raw material of BAC,
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TABLE 3: Pore structure parameters, iodine value yield, and ash content of BACs.
SBET Smi Viotal Vini Vicro! Viotal d Todine value

Sam le b mlCl’I) O a_ mlCrS micro otal ave i Y (y Aa

Pe mig)  migh)  (em'g!)  (emg) (%) (nm) (mg:g ™) 06) A
BAC-0 641.84 469.17 0.3720 0.2011 54.06 2.318 738.75 - 16.64
I]ijiC— 693.59 435.14 0.3427 0.2020 58.94 2.008 776.14 87.23 2.16
BAC-
N2 739.14 483.69 0.3744 0.2209 59.00 2.026 789.99 85.36 1.93
BAC-
N3 801.51 519.38 0.3977 0.2374 59.69 1.985 828.17 82.41 1.61
BAC-
N4 689.13 448.47 0.3460 0.2077 60.03 1.976 751.70 78.19 1.57

Note: Spgr is the BET specific surface area, Syicro 1S the microporous specific surface area, Vio, is the total pore volume, V.o is the microporous pore

volume, Viyicro/ Viotal is the micropore ratio, and d,,. is the average pore size.

exhibited significantly more ashes than other raw materials
of AC. Thus, a large number of ashes remained on the BAC
will block the pores, nitric acid can dissolve them. This
tunction is called hole-throughing. This process was further
aggravated with the increase in concentration. As seen from
Table 3, the ash content of BACs after nitric acid modifi-
cation reduces obviously. Meanwhile, the carbon activity
sites in the surface of BAC exhibited high affinity, and these
activity sites reacted with nitric acid molecules, which is a
strong oxidizer. Thus, a small amount of carbon on the
surface has been dissolved and the pore surface was etched,
more micropore structures were formed, and this process is
called hole-making function. The higher the nitric acid
concentration, the more the microporosity, and the mi-
croporous specific surface area and microporous pore vol-
ume of BAC were then increased. This finding indicated that
the yield of BAC decreases slightly with the increase in
concentration, which proved that as nitric acid reacts with
BAC, the pore structure was improved.

However, the BET specific surface area was reduced from
801.51 m*g ' to 689.13 m>g " and the total pore volume was
reduced from 0.3977 cm’g™" to 0.3460 cm™g ', when the
concentration reached 4 mol/L, and the microporous spe-
cific surface area, microporous pore volume, and iodine
value decreased as well. This is probably because nitric acid
oxidation enhanced at this time, the BAC corrosion was
serious, and the skeleton of some micropores was damaged,
which resulted in significant pore wall thinning, and the
additional mesopores and macropores were formed from the
collapse of micropores, and the hole-enlargement function
took place and became dominant. Furthermore, the col-
lapsed carbon in the BAC and the oxygen-containing
functional groups produced by nitric acid oxidation would
plug the pores [14], and these were caused by the decline of
the pore structure parameters and the iodine adsorption
value also. Similar conclusions were obtained by Gil [15],
who exhibited a significantly increasing trend in the porosity
and the BET specific surface area after acid oxidation.

3.1.2. Surface Morphology of BACs. SEM was used to observe
the surface physical morphology of the BACs. The SEM
images of the BAC that was modified at different concen-
trations are shown in Figure 1.

As shown in Figure 1(a), there are many circular pores
with different apertures in the material surface, which were
formed into a honeycomb cavernous structure [16]. Figure 1
also shows that the BAC modified by nitric acid has more
honeycomb-like shape and rough surface than unmodified,
and the pore of BAC is nearly ellipse. The surface mor-
phology of the material was different with varied nitric acid
concentration. The etching of nitric acid mainly develops
from the surface to the interior, and the higher the nitric acid
concentration is, the more the activity effect occurs on
material etching. Thus, the pore quantity of BAC increased,
and the layered structure and honeycomb pore on the local
area of the material surface became evident as the con-
centration increased. When the nitric acid concentration
increased to 4 mol/L, the nitric acid oxidation was intense
and the etching actions aggravated. Figure 1(e) illustrates
that the number of micropores in BAC-N4 is markedly
reduced, large pores rose, and the pore structure on the
surface of BAC is irregular after modification. However, the
overmodification led to a large number of pores of big- and
medium-size collapse inside the BAC-N4 while some pores
were blocked, reducing the BET specific surface area of BAC-
N4. This result was consistent with that presented in Table 3.

3.1.3. Effect of Surface Chemical Properties. In general, be-
sides the pore structure, the surface chemical properties of
BAC will be changed after nitric acid modification. The FTIR
spectra of BAC-0 and BAC-N3 are shown in Figure 2.
Figure 2 illustrates that BAC-0 and BAC-N3 have similar
changes in the FTIR spectra. The absorption bands at
3250-3650 cm ™' were due to the O-H stretching vibration of
hydroxyl and carboxyl groups or due to the adsorbed water
molecules during BAC steam activation preparation. The
peak strength of BAC-N3 was larger than that of BAC-0,
showing that the BAC-N3 exhibited additional oxygen-
containing groups, such as hydroxyl and carboxyl. Corre-
lated bands were centered at 1570-1700 cm™ ", which could
be attributed to the stretching of C=0O and/or C=C on
carboxyl, lipophilic, and unsaturated hydrocarbons in the
BAC surface. The peak strength increased after modification,
proving that additional carboxyl groups and their derivat-
ized groups were present in the inner part and surface of the
BAC-N3. The bands at 1000-1250 cm™" were attributed to
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Figure 1: SEM photographs of BACs: (a) BAC-0, (b) BAC-N1, (¢) BAC-N2, (d) BAC-N3, and (e) BAC-N4.

C-O stretching vibrations, which resulted from ether
linkage. However, the peak strength decreased after mod-
ification, possibly because ether linkage oxidation was
continuous during nitric acid oxygenation [17]. In con-
clusion, the content of oxygen-containing groups evidently
increased after modification.

The content of carboxyl, phenolic hydroxyl, total acid,
and total basic groups on the surface of BACs can be
analysed by the Boehm titration, and the results of the ti-
tration experiment are listed in Table 4. As seen from Table 4,
with the increase of nitric acid concentration, the acid
functional group content in the surface of BAC increased
markedly, but the basicity dropped, which is consistent with
the FTIR results. The carbon atom on the verge of BAC
exhibited increased activity and combined with additional
oxygen atoms via nitric acid oxidation, allowing additional
oxygen functional group to form [18]. El-Hendawy et al. [19]
found that HNOj; treatment gave rise to a greater increase in

carboxylic acid, lactone, carbonyl, ethers, phenols, and
hydroxyl groups in corncob-based activated carbon, which
had the increase of surface acidity. The adsorption capacity
of Pb** from aqueous solution was more than 3 times higher
than unmodified.

3.2. Effect of Modification Treatments on Adsorption

3.2.1. Effect of Modification Conditions. The effect of
modification conditions on the COD removal rate is shown
in Figure 3.

Figure 3 shows that nitric acid-modified BAC exhibits
better adsorption performance than unmodified. As nitric
acid concentration increased, the COD removal rate initially
increased and then decreased. BAC-N3 exhibited the best
adsorption efficiency, and the COD removal rate was
78.70%, which was higher than the unmodified BAC by
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FiGure 2: FIIR of BAC-0 (1) and BAC-N3 (2).

TaBLE 4: Content of oxygen functional groups on the surface of BACs.

Sample Carboxyl (mmol-g™") Phenolic hydroxyl (mmol-g") Acidity (mmol-g™") Basicity (mmol-g")
BAC-0 0.1052 0.0585 0.1784 0.5875
BAC-N1 0.6095 0.0676 0.6917 0.2001
BAC-N2 0.6945 0.0607 0.7571 0.1792
BAC-N3 0.7032 0.0540 0.8589 0.1413
BAC-N4 0.7243 0.0674 0.8842 0.0986
groups on the AC surface but also the improvement in the
.l surface hydrophobicity and the reduced zero point charge in
w the sgrf.ace of A(.l Tong et al. [10] suggested that oxygen-
= G \ containing functional groups on the surface of AC are
< \\§ \ § probably active adsorption sites. The increase in oxygen-
g ool e \ \ \ containing functional groups may indicate the increase in
Tg \§ \ \ \\ active adsorption sites, which contributes to the enhance-
£ \\ \\ \ \\ ment of adsorption effect. In summary, the effect of nitric
a \ \ \ \ acid oxidation on the pore structure and surface chemical
Seot § \ \\ \ \\ properties of the BAC improved the treatment efficiency of
\ \\ \\ \ \\ coking wastewater. Based on the experimental results, the
\ \\ \ \\ \ selected nitric acid concentration was 3 mol/L.
N\ D N\ N N\

BAC-0

BAC-N1 BAC-N2 BAC-N3 BAC-N4

FiGure 3: Effects of modification condition of BAC on the COD
removal rate (the error bars indicate standard deviation of the mean
of three sets of data).

22.78%. This is because the modified BAC exhibited higher
specific surface area and pore volume. The highest value of
COD obtained in BAC-N3 indicates the best adsorption
effect. Moreover, increase in the content of oxygen-con-
taining groups enhanced the affinity on polar organic
compounds, which positively affected adsorption [20]. Fan
et al. [21] showed that the AC significantly affects the ad-
sorption of organic pollutants not only because of the in-
creased contents of carboxyl, phenol hydroxyl, and lactone

3.2.2. Effect of Addition Amount and Adsorption Isotherm.
The effect of the BAC-N3 addition amount on the COD
removal rate is shown in Figure 4. As seen in Figure 4, the
COD removal rate increased firstly and then became stable
with the increasing amount of BAC-N3, and the process
underwent the following three stages. When the addition
of BAC-N3 increased from 0.5g to 2g per 50mL of
wastewater, the COD removal rate increased from 29.58%
to 65.76%, which is the rapid increase stage. This is because
the adsorption of COD mainly depends on the number of
unoccupied adsorption sites on the surface of adsorbent;
the greater the amount of BAC-N3 added, the more the
unoccupied adsorption sites were present. In this stage, the
pollutants easily adsorbed in coking wastewater were
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F1GURE 4: Effects of addition amount on the COD removal rate (the
error bars indicate standard deviation of the mean of three sets of
data).

rapidly attached to the surface of BAC-N3. When BAC-N3
has been increased to 4 g, the increasing speed of the COD
removal rate slowed down, which is the increasing slowed
down stage. When adsorbent continues to rise, the COD
removal rate almost does not increase, which is the ad-
sorption stabilization stage. Although the active sites
turther increased with the addition of BAC-N3, the
concentration of organic matter between adsorbents and
adsorbate closes to accordant, which caused the decreased
concentration gradient and diffuse motivation [22], and
the growth in COD removal rate slowed down or remained
stable. After comprehensive analysis of adsorption effect
and cost factor, it can be concluded that the optimal
amount of BAC-N3 is 4 g in 50 mL of coking wastewater.

Two models of Langmuir and Freundlich equations were
used to fit the isothermal adsorption process of BAC-N3 on
coking wastewater at 298 K. The Langmuir equation is based
on the adsorption model of a monomolecular layer. According
to the mode, the surface of adsorbents is uniform, which allows
no competition and indiscrimination in all of the adsorption
sites and exhibits the same chemical properties [23].
Freundlich equation assumes that the structure in the surface
of adsorbents is nonhomogeneous and that many interactions
exist between adsorbents and adsorbate or among adsorbates.
The results of the fitting are shown in Figure 5 and Table 5:

1

. . 1
Langmuir equation: — = — + )
qmace

de 9m

(9)
1
Freundlich equation: Igg, = . lge, +1g Kp,

where ¢, is the maximum adsorption capacity (mg/g), a is
the Langmuir constant (L~mg71), and Ky and n are the
adsorption constants.

The linear regression constant (R”) of Langmuir equa-
tions is higher than that of Freundlich equations, as illus-
trated in Figure 5; this shows that the adsorption equilibrium
data were fitted with the Langmuir equation well, and the

adsorption involved monolayer adsorption [24, 25]. The
maximum adsorption capacity at 298 K, as calculated by the
Langmuir model, was 115.69 mg-g~', which is coincided
with the experimental data (106.6 mg-g ). The constant n™~"
in the Freundlich equation is the constant which could
characterize the affinity between the adsorbent and the
adsorbate in the system; furthermore, this constant could
also affect the extent of the difficulty in the adsorption
process [26], and absorption was easily performed when
0.1<n '<5; however, adsorption forces weakened and
pollutants became extremely difficult to expunge when
n'>2 [24, 27]. As calculated by the Freundlich equation,
n~' =0.428, proving that the pollutants were easily anchored
to the BAC-N3.

3.2.3. Effect of Shaking Speed. The effect of the shaking speed
on the COD removal rate at 25°C is shown in Figure 6. It can
be seen that the adsorption effect improves as shock speed
increases from 0 rpm to 100 rpm or 200 rpm.

In static conditions, adsorption equilibrium at 90 min was
reached, but the COD removal rate was only 43.07%. When
the shaking speed was increased to 100 rpm, the equilibrium
adsorption rate was 75.62% at 120 min, which was increased
by 34.91% relative to that at 0 rpm. However, the COD re-
moval rate decreased as the adsorption time increased. Ad-
sorption equilibrium was reached after 150 min of shaking at a
shaking speed of 200 rpm. During this time, the COD removal
rate was 72.34%, which increased by 2.4% relative to that
obtained at 100 rpm. This is because the interaction between
BAC-N3 and wastewater was improved via rapid shaking,
allowing sufficient contact sites between the adsorption sites
and the pollutant. However, when the number of adsorption
sites stopped increasing, the adsorption effect became less
obvious as the shaking speed continuously increased. More-
over, adsorbent collides with each other more violently with
the shaking speed gone up, which was easy to break up the
BAC into small particles or powder, and the adsorption ef-
fectiveness would be affected. Considering adsorption effect
and energy consumption, the ideal shaking speed was
100 rpm, and the BAC-N3 adsorption to COD reached
equilibrium after 120 min.

3.2.4. Adsorption Kinetics. Kinetics studies were per-
formed using four ordinary models such as pseudo-sec-
ond-order model, Bangham model, Elovich model, and
intraparticle diffusion model at different shaking speeds.
The fitting results are shown in Tables 6 and 7 and
Figure 7.

t
Pseudo-second-order kinetic: — =

t
- 4 (10)
9 K,q; q

e

where K, is the adsorption rate constant of the pseudo-
second-order kinetic model (g/(mg-h)).

Elovich model: g, = A + K, Int, (11)

where K, is the adsorption rate constant of the Elovich
model (g/(mg-h)) and A is a constant.
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FIGURE 6: Effects of shaking speed on the COD removal rate (the
error bars indicate standard deviation of the mean of three sets of
data).

1
Bangham model: 1gg, = 1gk + —lgt, (12)
m

where m™" is the adsorption rate constant of the Bangham
model (g/(mgh)) and k is a constant.

Intraparticle diffusion model: g, = K Pt” ‘1 G, (13)

where K, is the adsorption rate constant of the intraparticle
diffusion model (mg/(g-ho'5 )) and C is a constant.

The results of the kinetic studies showed that the ad-
sorption process of coking wastewater by BAC-N3 followed
the pseudo-second-order kinetic model. Some corre-
sponding dynamic parameters were obtained, and the linear
regression constant R° was >99%. The equilibrium ad-
sorption capacity fitting by using the model was consistent
with the experimental values (0 rpm: 22.18 mg/g, 100 rpm:
34.07 mg/g, and 200 rpm: 33.39 mg/g). The pseudo-second-
order model could comprehensively affect all adsorption
processes, such as liquid film diffusion, particle diffusion,
and surface adsorption. Moreover, this model is applicable
for the reaction of existing saturation adsorption sites, and
the adsorption rate is decided by the square of adsorptive
vacancy not occupied in the surface of adsorbents [28].
Tofighy et al. [29] found that the motive force of the pseudo-
second-order model is the actions of ionic bonds and co-
valent bonds between adsorbate and adsorbent, which can
conclude the main motive force of BAC adsorption for the
removal of COD in coking wastewater is chemisorption
processes.

The adsorption mechanism and rate-controlling step can
be analysed by the intraparticle diffusion model. As shown in
Table 7 and Figure 7, there is a dual linear relation in the
adsorption process. The pollutants exist in coking waste-
water spread to the adsorbent surface in the first stage, and
the second stage indicated that the pollutants were absorbed
gradually in adsorbents. Intraparticle diffusion plays a
leading role in this stage. Moreover, the slope of the first
stage (k) is larger than that of the second stage (), which
shows that the adsorption rate in the first stage is higher. This
is possibly because of a large number of unoccupied active
sites in adsorbents at the beginning of adsorption. When
adsorption of the pollutant on BAC-N3 surface reached
saturation, intraparticle diffusion occurred. In this time, the
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TaBLE 6: Kinetic parameters of adsorption using pseudo-second-order model, Elovich kinetic model, and Bangham kinetic model.

. Pseudo-second-order model Elovich kinetic model Bangham kinetic model
Shaking speed (rpm) B N N 5
ge (mg-g ) K, (g/(mgh)) R k. (g/(mgh)) A R k (g/(mg-h)) m R
0 24.528 0.0028 0.9994 4.5270 0.1538  0.9831 5.5101 3.4642  0.9641
100 33.602 0.0089 0.9993 2.6838 19.909  0.9279 21.125 10.903  0.9298
200 34.483 0.0034 0.9959 2.1392 21.308  0.8602 22.434 14.126  0.8733
TaBLE 7: Kinetic parameters of adsorption using the intraparticle diffusion model.

Shaki d (rpm) Intraparticle diffusion model

aking speed (rpm

ko1 C R? Ky C, R?
0 1.8389 4.7896 0.9799 0.1074 20.9996 0.9983
100 1.3427 21.3931 0.9916 0.5324 26.0552 0.9998
200 1.5439 25.9375 0.9372 0.4070 13.6655 0.9373
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FiGure 7: Fitting curves of adsorption kinetic equations: (a) pseudo-second-order kinetic model; (b) Elovich model; (c) Bangham model;

(d) intraparticle diffusion model.
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adsorption resistance increased, which causes adsorption
rate to decline.

4. Conclusions

In this work, BAC was developed by nitric acid modification
at different concentrations for coking wastewater treatment.
The BACs’ pore structure, surface chemical properties, and
their ability to remove COD from coking wastewater were
investigated. The effects of nitric acid concentration, addi-
tion amount, shaking speed, and adsorption time were
studied. And the adsorption isotherm and thermodynamics
of the adsorption process were studied. The conclusions are
as follows:

(1) After modification by nitric acid, the BET specific
surface area, iodine adsorption value, and the oxy-
gen-containing functional groups of BAC increase,
and the adsorption effect of COD from coking
wastewater was also better. The best modification
effect was obtained under the 3 mol/L. At this time,
the COD removal rate was improved by 22.78%
relative to that of unmodified BAC.

(2) The optimized conditions for the adsorption of
coking wastewater were as follows: 4 g of additional
BAC-N3 per 50mL of coking wastewater, 100 rpm
shaking speed, and 120 min adsorption time; the
COD removal rate is 77.05%, and the adsorption
effect was better than that of chitosan flocculent [30],
coke powder [31], and some coal-based adsorbent
[32].

(3) The adsorption process was fitted by the pseudo-
second-order kinetic model, and the Langmuir
equation could better describe equilibrium adsorp-
tion data compared with the Freundlich equation.
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Few cases of hydrophobic materials synthesized in water have been reported. In this work, water, as the only solvent, is used to
prepare a superhydrophobic sponge via a facile and environment-friendly route. The as-prepared sponge, namely silylated
polyvinyl alcohol (PVA) sponge, exhibits superhydrophobic and superoleophilic characters. It has the static water contact angle
(WCA) of 152+ 1 and the static oil contact angle (OCA) of 0°, which can lead to excellent selectivity for oil-water separation.
Besides, the methyltriethoxysilane (MTES) can form a stable mixed structure with the PV A skeleton, resulting in the rare shedding
of polymethylsiloxane nanoparticles and the long-term stability for oil-water separation. Furthermore, the silylated sponge shows
a high separation efficiency (>99.6%), removing oil up to 6200~14000 times of its own mass. The findings demonstrated that the

silylated superhydrophobic sponge can be a promising candidate in water treatment application.

1. Introduction

Along with increasing offshore oil extraction and trans-
portation, oil contamination problems are becoming seri-
ous, posing a threat to the living environment and human
health [1, 2]. Therefore, cleaning oil from water is an urgent
and challenging task [3]. A wide variety of strategies [4] have
been developed to eliminate oil pollution, such as burning
[5], mechanical extraction [6], coagulation [7], and ab-
sorption [8]. Among these technologies, the application of
absorbents is considered to be the most attractive for oil
removal because of the high efficiency and ease of operation
[9]. Till date, a variety of absorbing materials, including
commercial resins [10], fibers [11], and mineral products
[12], have been developed and widely applied in oil-water
separation field. However, these traditional absorbents ex-
hibit poor selectivity, low absorptivity, or difficulty in scale-
up. Moreover, many of them are undesirable due to the poor
abilities in regeneration and recycling. Recently, a large
variety of novel, efficient absorbents are becoming a hotspot
in oil-water separation, such as carbon nanotubes (CNTs)
[12-14], graphene-based materials [15-17], nanocellulose

[18], polyurethane (PU) [19-21], and PV A-based absorbents
[22].

Among them, commercial PU and PVA sponges are
viewed as the most potential materials in oil-water sepa-
ration, because of their low cost, high porosity, and high
absorption ability, as well as their easy mass production. At
present, the PU- and PVA-based materials with surface
hydrophobicity modification have made remarkable
achievements in oil-water separation. For example, Pan et al.
[23] reported a magnetic polymer-based graphene foam with
high oil wettability for oil-water separation; nevertheless, the
complicated synthesis route limited its application. Pan
et al.[23] and coworkers prepared hydrophobic polyvinyl
formaldehyde sponges by one-step surface modification, but
massive pyridine, a strong virose organic reagent, is involved
as the solvent. Yuan [24] and coworkers designed a hollow
SiO,@MnO, modified PU foam for high-efficiency oil-water
separation; however, MnO, may introduce heavy metals
(Mn**) and lead to secondary pollution. Given limits of the
cases discussed above, we raised a facile and green one-pot
synthesis of silylated PVA sponge for oil-water separation,
possessing advantages (e.g., high porosity, stable structure,
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and low cost). The raw materials, i.e., PVA and MTES, are
biocompatible and environment-friendly. The solvent, other
than commonly used organic solvent, is only deionized
water. The as-made modified PVA sponge exhibited
superhydrophobic and superoleophilic properties [25].
Furthermore, the modified PVA sponge could remove oil
from water under the pressure of a pump, featuring in high
separation capacity, excellent efficiency, and reusability. To
sum up, this work provides a facile and green one-pot
strategy to prepare modified PVA sponge, which can be
applied for practical oil spill treatment and environment
protection.

2. Materials and Methods

2.1. Materials. The reagents, including methyltriethox-
ysilane (MTES, >98%), hydrochloric acid (HCIl, AR), and
ammonia (NH,OH, >28%), were bought from Sinopharm
Chemical Regent Co., Ltd (Shanghai, China). Sudan IIT and
Methyl blue were purchased from Sigma chemistry Co. Ltd
(Shanghai, China). Organic solvents, including dichloro-
methane (AR), chloroform (AR), n-hexane (AR), toluene
(AR), and chlorobenzene (AR), were obtained from Beijing
Chemical Reagents Co. (Beijing, China), Gasoline was
purchased from Sinopec Corp. Commercial PVA sponge
was supplied by Alibaba Enterprise. The deionized water was
used to make up all mixed solutions and throughout the
experiments.

2.2. Preparation of Silylated PVA Sponge. A facile and green
technological approach was carried out to produce the
silylated PVA sponge. Firstly, methyltriethoxysilane (3 ml),
with a certain amount of deionized water, was added into a
beaker successively, and 0.2 ml of hydrochloric acid catalyst
(w/w 1% HCI) was added into the flask in a moment, and
then stirred for 0.5h. Observing a uniformly continuous
phase of the mixture, a certain amount of dilute ammonia
(0.5 mol/L) was added rapidly and was then kept stirring for
a minute at room temperature. Secondly, soak the pre-
prepared dried PVA sponge in the mixture for one minute,
and then ageing was done at 50°C for 3 hours. Subsequently,
the wet sponge was washed with deionized water for several
times. Finally, the wet sponge was freeze-dried for 24 h at
room temperature to get the silylated PVA sponge. The
preparation process and mechanism of the silylated sponge
were shown schematically in Figure 1.

2.3. Characterization. The morphologies of the pure and
silylated PVA sponge were obtained by a scanning electron
microscope (SEM S-4800 HITACHI). The Fourier transform
infrared (FTIR) spectra of the two samples were observed by
a VERTEX 70 FTIR spectrometer (Bruker, Germany). All
spectra were recorded between 4000 and 500 cm ™' with a
4cm™" and 16 scans per sample. The crystal structures of
them were measured by MSAL-XD2 X-ray diffractometer in
the range of 5-40° (20). Static contact angle measurements of
the two samples were performed by the contact angle
measuring system (JC2000C1, POWEREACH).
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2.4. Oil-Water Separation Experiments. First of all, a silylated
PVA sponge was prepared with the size of 3x3x3cm”.
After that, a simple vacuum suction device is established, as
shown in Figure 2. The silylated PV A sponge is connected to
a pipe and the other hand of the pipe is connected to a
micropump. The silylated PV A sponge is placed at oil-water
interface, for the purpose of continuous oil removal from
water. When the micropump works, the oil will be pumped
to the pipe through the sponge and then collected into an oil
collector. At the same time, water will be blocked by the
hydrophobic sponge and remain. All the separation tests
were operated at room temperature. Through continuous
oil-removal tests, we can obtain the separation efficiency (R).
R was calculated according to the following equation:

M

0

where M, is the weight of the original oil mass in the mixture
liquid and M is the weight of the collected oil after
separation.

3. Results and Discussion
3.1. Characterization

3.1.1. SEM. The surface morphologies of the pure and
silylated PVA sponge were observed by the scanning elec-
tron microscopy at different magnifications (Figure 3). SEM
images of Figures 3(a) and 3(b) reveal that pure PVA sponge
exhibits porous three-dimensional interconnected network
structure and smooth surface morphology. After MTES
coating on the PVA skeleton surface, the PVA skeleton
surface exhibits a relatively rough texture. Meanwhile, the
high-magnification SEM image indicates that lots of poly-
methylsiloxane nanoparticles are successfully modified to
the PVA skeleton surface. Nevertheless, there are not any
large bulks and deep grooves on the surface, as depicted in
Figures 3(c) and 3(d). As a result, nanoscaled poly-
methylsiloxane nanoparticles were uniformly deposited on
the PVA skeleton surface. It can be seen from the SEM
photographs that a layer of nanostructured particles is at-
tached to the surface of the three-dimensional microporous
skeletons of PV A sponge. This typical micronanostructure is
the key to superhydrophobic of the hybrids [26, 27].

3.1.2. XRD. In addition, Figure 4 shows the XRD diffraction
patterns of PVA sponge and the silylated PVA sponge. As
shown in Figure 4(a), the XRD patterns of the PVA sponge
demonstrate a typical diffraction peak of PVA at 20=19.5°
[28]. As displayed in Figure 4(b), a broad peak appeared at
10° of the silylated PVA sponge, which corresponded to the
amorphous peak of SiO,, which also indicates the existence
of the polymethylsiloxane nanoparticles coatings on the
PVA skeleton surface.

3.1.3. FTIR. The surface chemistry of pure PVA sponge and
the silylated PVA sponge can be confirmed from the FTIR
spectra, as shown in Figure 5. Firstly, Figure 5(a) reveals the
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FIGURE 1: Schematic illustration of preparing the silylated PVA sponge by one-pot method.

(a) (d)

FIGURE 2: Photographs of (a) the continuous oil-water separation
device, (b) oil-water mixture image, (c) water left in the beaker after
continuous adsorption, and (d) oil collected during continuous
adsorption.

FTIR figure of pure PVA sponge. As expected, the FTIR
spectrum of PVA shows a broad and strong band at among
3550~3200cm™", which corresponded to O-H stretching
vibration. Furthermore, the stretching vibration absorption
peaks of C-H appear at between 2980 and 2950cm .
Comparing the FTIR spectrum of the silylated PVA sponge
(Figure 5(b)) [29, 30], besides the typical peaks of PVA
sponge, the peak at 1080 cm ™" is attributed to the asymmetric

(©) (d)
FiGure 3: SEM images with different magnifications for pure PVA

sponge (a, b) and the silylated PVA sponge (c, d). Insets are their
corresponding digital photographs.

stretching vibration of Si-O-Si, and the characteristic peak at
800cm™" corresponds to the Si-O-Si symmetric stretching
vibration [31-33]. Moreover, due to the successful modifi-
cation of MTES on the surface of PVA sponge, the O-H
stretching vibration of PVA is significantly weakened. This
series of data indicate that the MTES has successfully con-
nected onto the surface of the porous PVA sponge.

3.1.4. Wettability. The wetting property of the pure and
silylated PVA sponge was studied by contact angle
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FIGURE 4: XRD spectra of pure PVA sponge (a) and the silylated
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FiGure 5: FTIR spectra of pure PVA sponge (a) and the silylated
PVA sponge (b).

measurement, and the static WCAs were measured at room
temperature. As shown in Figure 6, droplets of water and
gasoline were deposited onto the pure and silylated PVA
skeleton surface. Obviously, the pure PVA sponge showed a
strong lyophilic property, as both water and gasoline
droplets were absorbed instantaneously (Figure 6(a)). In
Figure 6(b), the gasoline immediately penetrated into the
silylated PVA sponge, while water remained at the surface,
demonstrating that the silylated sponge has combined hy-
drophobic and oleophilic properties. Figure 6(c) indicated
that the static contact angle of the pure PVA sponge is 0°. On
the contrary, the silylated PVA sponge displayed a high
contact angle, up to 152°+ 1, as shown in Figure 6(d). The
wettability of material depends on both chemical compo-
sition and geometrical microstructure of the solid interface,
on the basis of Wenzel’s theory [34-36]. According to
thermodynamic equilibrium, the apparent contact angle and
the roughness factor have the following relationship:

cos 0¥ = rcos 0, 2)
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FIGURE 6: Water (colored blue) and oil (colored red) dropped onto
the surface of pure PVA sponge (a) and the silylated PVA sponge
(b). WCAs of pure PVA sponge (c) and the silylated PVA sponge
(d). Plant oil is colored red with Sudan III and water is colored blue
with Methyl blue in advance, respectively.

where 6" refers to the apparent contact angle, r corresponds to
the roughness factor of the given interface, and 0 represents
Young’s angle. Herein, the surface energy of the sponge was
effectively decreased by the polymethylsiloxane groups. Be-
sides, the PVA sponge coated with polymethylsiloxane
nanoparticles exhibits superhigh surface roughness. Hence, the
composites displayed excellent hydrophobicity with a sur-
prisingly high contact angle (152° + 1). In this study, the surface
of silylated PVA sponge consists of disorder and dispersive
nanometer-sized polymethylsiloxane particles; therefore, it
owns high roughness and exhibits superhydrophobic property.

3.2. Absorption Selectivity. In our case, in order to verify the
super oil-removal ability, oil-water separation experi-
ments were implemented with two different densities of
oil (Figure 7). Gasoline and chloroform were dropped
onto the surface and bottom of aqueous phase, re-
spectively. The silylated PV A sponge can easily remove the
gasoline and chloroform from water. The result shows that
the silylated PVA sponge has excellent absorption selec-
tivity, whether used on the surface or bottom of the water.
In addition, we investigated the selectivity of separation of
hydrophobic solvents (various types of oil). However, it
showed no selectivity toward the mixture of various hy-
drophobic solvents. As shown in Figure S2, the static
contact angle of the prepared material was zero for all
kinds of hydrophobic solvents and there was no difference
in the contact angle among different kinds of hydrophobic
solvents. Therefore, except for water drops, other different
kinds of oil can be well absorbed by the prepared material
quickly. This is the reason why reported materials can
remove various types of oil pollution from water quickly
and efficiently.
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Removal of gasoline by the silylated PVA sponge

FI1GURE 7: Selected removal of gasoline (a) and chloroform (b) from water with the silylated PVA sponge. Gasoline and chloroform are

colored red with Sudan III in advance.

3.3. Continuous Oil Removal and Absorption Capability.
Because of the superhydrophobic properties, the silylated PVA
sponge may become a potential oil-water separation material.
In this study, a continuous oil-water separation device was
established to evaluate the absorption capacity of the synthetic
absorbent. In the experiment, a functionalized PVA sponge
(specification: 3 x 3 x 3 cm?, 2.21 g) was placed in a container
with oil-water mixture (300 ml water and 100 ml oil). The
functionalized PVA sponge was connected to the micropump
through a pipe (Figure 2). With the aid of the negative pressure
generated by the micropump, oil easily passed through the
silylated PVA sponge, while water was blocked to achieve
selective separation. The whole experiment was completed
within 1 minute, leaving clean water in the container.

In order to examine the oil-removal capacity of the
silylated PVA sponge, various types of oil and organic
solvents are selected to implement continuous separation
experiments for two hours. Then, the oil mass flux and
separation efficiency are listed in Figure 8. Oil and organic
solvents used in this study included dichloromethane,
chloroform, n-hexane, toluene, chlorobenzene, and gasoline.
As shown in Figure 8(a), the silylated PVA sponge exhibits
oil mass fluxes ranging from 353 to 480L-m *min~".
Moreover, the separation efficiency of the absorbent still
reaches up to 99.6% during an hour separation. Such high
mass fluxes meant the silylated PVA sponge could remove

oil from the water up to 6200~14000 times of its own mass,
which is significantly higher than all the materials men-
tioned in Table 1. As a comparison, the unmodified PVA
sponge was used for separating oil from water. As shown in
Figure S3, the unmodified PVA sponge is placed at the oil-
water interface. Under the pressure of the pump, water is
absorbed together with gasoline; so, the unmodified PVA
sponge shows no effect on oil-water separation. This is
because the PVA sponge exhibits amphiphilic property
before hydrophobic modification, which is also confirmed
by Figure 6(a). Therefore, the PVA sponge before modifi-
cation has no selectivity for oil-water separation.
Moreover, we investigated the durability and re-
peatability of the silylated PVA sponge. As shown in
Figure S1, the silylated PVA sponge did not suffer from
obviously damage and any loss in separation capacity even
after 10 cycles. This is because that MTES could form a stable
mixed structure with the PVA skeleton in synthesis,
resulting in the rare shedding of polymethylsiloxane
nanoparticles and the long-term stability for oil-water
separation. The results demonstrated the as-made sponge
presented excellent separation capacity and reusability.

3.4. Comparison of Various Absorbents. Saturated absorp-
tion capacity depends mainly on the parameters such as the
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FIGURE 8: (a) The absorption flux and (b) the separation efficiency of the silylated PVA sponge for oil and organic solvents during 1-hour

separation.
TaBLE 1: Comparison of the absorption capability of various absorbents.
Sorption
Absorbent Cost 0il capacity, g/g Oil recovery method Ref.
Once Total

Silane-modified nanocellulose + Toluene ~170 1020 Distillation [37]
Functional bacterial cellulose ++ Diesel 120 1200 Squeezing [19]
Grapheme sponge ++ Dodecane ~20 200 Burning [38]
CNTs hybrids ++ Chloroform ~95 570 Acetone extraction [39]
Attapulgite coated PU sponge — Kerosene — 3200 Continuous separation [40]
Silylated PVA sponge — Toluene — 7600 Continuous separation Present work

Note: “once” means saturated absorption capacity; “total” is calculated throu,
multiplied by the running time.

absorbent's own density and the type of absorbed oil. It is
inevitably biased to evaluate the capability of absorbents
only according to their saturated absorption capacity. Be-
cause the service life of absorbent (cycle number or accu-
mulated use time) is also an important factor used for
evaluation of the capacity of absorbent. The separation ef-
ficiency of adsorbent often decreases after repeated recy-
cling, which may be due to the loss of functional groups and
the decrease of material roughness. Hence, in this work, the
total absorption capacity will be calculated according to the
number of cycles and the saturated absorption capacity of a
part of absorbents reported in recent years. The capability of
absorbents was evaluated with comparison of the total ab-
sorption capacity. A variety of absorbents and their per-
formances are listed in Table 1. Carbonized materials and
absorbents, such as graphene or carbon nanotubes, can be
used as the representatives of novel absorbents, revealing
excellent absorption performance. Thus, the complexity of
the preparation process and high cost limit their practical
application. Nanocellulose fiber-based absorbents exhibited
excellent absorption capacity for oil and organic solvents,
because of its low density. Besides, functionalized 3D PU-
based absorbents have become a kind of hot material

gh saturated absorption capacity multiplied by the number of cycles, or mass flux

pursued by scientists, due to its low cost and compressibility.
In the present work, the silylated PVA sponge could be used
to separate oil up to 6200~14000 times of its own mass,
which is significantly higher than all the absorbents men-
tioned above. This means that it is an excellent superab-
sorbent for oil removal and collection. The raw materials of
the silylated PVA sponge are really cheap and can be pro-
duced on a large scale. Moreover, MTES and PVA are
classified as environmentally friendly materials. Besides, the
preparation of the silylated PVA sponge is carried out in an
aqueous solution, and the process is nonpolluting. These
results are encouraging and suggest that the silylated PVA
sponge has great potential in practical application.

4. Conclusions

In summary, a facile and environment-friendly synthetic
route has been proposed to successfully prepare the silylated
PVA sponge with superhydrophobicity and super-
oleophilicity, without using any organic solvent and mul-
tistep reaction. SEM photographs revealed that the surface of
interconnected pores in the original PVA skeleton was
coated with polymethylsiloxane nanoparticles through an
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environment-friendly synthesis method, forming a firm
substructure. But, at the same time, the silylated PVA sponge
retained original PVA structural integrity. Owing to the
silylation of the skeleton surface and such characteristic
nanomicro substructures, the silylated PVA sponge pos-
sessed superhydrophobicity and superoleophilicity, with the
static WCAs running up to 152°+1. This functionalized
sponge could be used as a selective filter to realize contin-
uous and effective oil-water separation with the help of a
micropump. The absorbent was chemically robust, and the
oil-absorption flux reached ranged from 353 to
480L-m >min~" with excellent separation efficiency
(>99.6%). Hence, the silylated PVA sponge, as a promising
superabsorbent, may become one of the most potential
candidates in water treatment applications.
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Figure S1: (a) separation cycles of oil-water mixture; (b) SEM
image of the silylated PVA sponge before toluene-water
separation; (c) SEM image of the silylated PVA sponge after
10 separation cycles of toluene-water. Figure S2: photograph
of water (colored blue) and kinds of hydrophobic solvents
(colored red) dropped onto the surface of the silylated PVA
sponge. Hydrophobic solvents are colored red with Sudan III
and water is colored blue with methyl blue in advance,
respectively. Figure S3: photographs of (a) the continuous
oil-water separation device and (b) oil-water mixture image
after continuous adsorption. Gasoline is colored red with
Sudan III in advance. (Supplementary Materials)
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