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Scale-inhibition and adsorption capacity due to a synergistic effect between a
magnetic field and graphene oxide—carbon nanotube composite
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ABSTRACT

A synergistic effect between a magnetic field and sulfhydryl- and amino-modified graphene oxide/
oxidized multi-walled carbon nanotubes (NH,-SH-GO/0o-MWCNTs) that leads to scale inhibition in
circulating water as well as the adsorption of lead ions and phenol is investigated. The composite
was used to adsorb Pb** and phenol from circulating water and the results were analyzed to inves-
tigate the effect of varying the magnetic field intensity on various parameters including equilib-
rium adsorption capacity, pH, conductivity, activation energy, and relative change in intramolecular
energy and free water proportion. The results show that the equilibrium adsorption capacity with
respect to Pb?* gradually increases with increasing magnetic field intensity. At a magnetic field inten-
sity of 0.54 T, the equilibrium adsorption capacity reached 130 and 27.36 mg/g for Pb** and phenol,
respectively. The synergistic effect caused the molecular activation energy in the circulating water
to increase, while the intramolecular energy decreased. Due to the copious production of hydrogen
bonds, collisions with scale-forming ions declined so that magnetic field was also able to play a role
in scale inhibition. The synergistic effect between magnetic field and NH,-SH-GO/o-MWCNT is
thus able to inhibit scale formation and adsorb pollutants from circulating water.
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1. Introduction tons), copper (1.47x10° tons), mercury (1.2x10* tons), lead

The treatment of industrial wastewater has been an (3.46x10° tons), and nickel (3.81x10° tons). The quantity

important problem since the start of industrial develop-
ment. Industrial wastewater is discharged by various indus-
tries including those associated with mining, metallurgical
processing, machinery manufacture, chemical engineering
(e.g. pesticide, paint, dye production, etc.), the electronics
industry, and instrument manufacturing [1]. According to
a survey by Nriagu [2], millions of tons of heavy metals
are directly discharged into the natural environment every
year including arsenic (1.25x10° tons), cadmium (3.9x10*

*Corresponding author.

discharged has also shown a growing trend in successive
years. Wastewater bearing heavy metals and phenol often
contains substances that are non-biodegradable and have
long-term toxic effects. Thus, they can enter the human
body, accumulate, and cause various illnesses [3,4]. Some
metal ions circulating in industrial water systems can also
corrode the walls of their confining tubes due to electro-
chemical effects which shortens the serviceable lives of
the tubes. Scale produced in tubes is another problem as it
decreases the cross-sectional area of the tube and reduces
the flow of the water. This can lead to blockage of the flow
of the coolant which decreases the cooling efficiency and
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even lead to overheating [5-7]. Hence, it is of fundamen-
tal importance to investigate and develop highly efficient
methods of treating wastewater.

The traditional methods of treating wastewater con-
taining heavy metals and phenol mainly involve chemical
precipitation [8], electrochemical methods [9], treat by alum
[10], and membrane separation techniques [11]. However,
these methods are highly constrained in their practical
application, including the length of the technological pro-
cess, high cost, and poor circular utilization. Adsorption
methods are the most common and effective among the
current methods for water purification as they are generally
simple to operate and have high efficiency [12].

Graphene oxide (GO) is a two-dimensional layered
carbon nanomaterial with a thickness corresponding to
a single atom [13]. Carbon nanotubes (CNTs) have tubu-
lar structures that are seamless and curled about a cen-
tral shaft according to a certain helical angle [14]. As they
are both nanomaterial, GO and CNTs exhibit large spe-
cific surface areas. Their special structures mean that they
have plenty of activated adsorption sites and they are also
chemically very stable. Thus, they possess the basic prop-
erties of potential adsorption materials [15]. Chen pre-
pared an effective adsorbent that diamine functionalized
mesoporous silica on multi-walled carbon nanotubes to
remove heavy metals in aqueous solution [16]. Adsorption
kinetics could be well described by pseudo-second-order
kinetic equation and the prepared adsorbent has good
adsorption capacity. Yu synthesized a novel 3D composite
of graphene oxide-starch by the hydrothermal treatment.
And this porous 3D graphene oxide-starch compos-
ite exhibited high adsorption capacities of 108.68, 32.12,
46.28, 41.76 and 38.168 mg/g for Pb(Il), Cu(Il), Cd(l),
Yb(III) and Nd(III) from aqueous solutions, respectively
[17]. Jie recently prepared a magnetic GO/chitosan ter-
nary composite material using a ‘one-pot’ solvothermal
method [18]. The composite material was found to contain
a large number of oxygen-containing functional groups
and Fe,O, magnetic particles loaded onto layers of GO
which have a favorable magnetic separation effect. The
maximum adsorption capacity of the composite material
with respect to sulfadiazine was found to be 79.23 mg/g.
Zhu used a simple solution method to conduct sulthydryl
modification of natural montmorillonite soil by using a
modifier consisting of (3-mercaptopropyl)trimethoxysi-
lane(MPTS)[19]. The result of adsorption experiments sub-
sequently showed that the maximum adsorption capacity
of the trimethoxysilane with respect to Cd(Il) was 39 times
than that of the montmorillonite. Kumar Ray prepared a
new adsorbent by integrating chitosan with crosslinked
polymethacrylic acid (PMA) and nano sized halloysite
nanotube (HNT). And the adsorbent capacity was 357.4
and 341.6 mg/g for single Pb(Il) and Cd(Il), respectively
[20]. McKay synthesized an effective adsorbent by car-
bon nanotubes (CNT) modified with four generations of
poly-amidoamine dendrimer (PAMAM, G4) to remove
Cu* and Pb* from aqueous solution [21]. Yu applied
diiodocarbene to modify oxidized multi-walled carbon
nanotube (ox-MWCNT-CI2) by reaction of ox-MWCNT
with iodoform under a strong alkaline condition. And the
adsorbent showed higher efficiency for Pb(II) [22]. Yu pre-
pared triethanolamine functionalized multi-walled carbon

nanotube (MWCNT-TEA) and utilized for the removal of
Pb(II) from aqueous solutions [23].

The main methods used to inhibit scale formation in
industrial engineering include chemical (adding chemical
agents), physical (including irradiation and microwave-
treatment), and physicochemical methods. In the latter,
the circulating water is treated using ultraviolet light and
ozone. There are many disadvantages to the aforemen-
tioned methods including secondary pollution of the envi-
ronment, high energy consumption, and high construction
costs [24]. Magnetic treatment, however, is a very promis-
ing method of scale prevention which integrates various
functions including scale prevention and removal, steril-
ization, and corrosion inhibition. Its primary advantages
are: low investment costs, operational simplicity, and low
toxicity /pollutant production [25]. The effect of the mag-
netic treatment technique is mainly manifested in terms of:
(i) a change in ionic hydration diameter, and (ii) an increase
in the viscosity coefficient of the solvent. As a result, ionic
activity decline which reduces the amount of calcium salts
precipitated [26]. After being subjected to magnetic treat-
ment, two solutions used to precipitate CaCO, in solution
was found to more rapidly generate the aragonite form of
the precipitate (which has a loose, metastable structure that
is unstable) and which could be subsequently drained to
improve pollution discharge [27]. The solubility of calcium
salts in water increases after magnetic treatment, which
means that some of the scale can be re-dissolved. To the
best of our knowledge, a technique combining the use of a
magnetic field and adsorbent has not been reported to date.

The present study aims to treat circulating water using
a synergistic effect between a magnetic field and GO/CNT
composite material. We also investigate whether the syner-
gistic effect plays a role in scale inhibition and promotes the
adsorption of metal ions and organic substances onto the
absorbent. First, the adsorbent composite material-consist-
ing of sulfhydryl-and amino-modified GO/oxidized multi-
walled carbon nanotubes (NH,-SH-GO/o-MWCNTs) was
prepared and characterized using transmission electron
microscopy (TEM), Fourier transform infrared (FT-IR) spec-
troscopy, and X-ray photoelectron spectroscopy (XPS). The
synergistic effect between the prepared composite materials
as adsorbents and the magnetic field was imposed on the
circulating water containing Pb?*, Ca?* and phenol. On this
basis, the effect of using magnetic fields of different inten-
sity was investigated. Various parameters were determined
including the equilibrium adsorption capacity of the adsor-
bent, the pH, conductivity, molecular activation energy, and
the relative changes in the intramolecular energy and pro-
portion of free water.

2. Experimental methods
2.1. Materials and reagents

The multi-walled CNTs were purchased from Shenzhen
Nanotech. Port Co. Ltd., (China). According to the manu-
facturer, the diameters of MWCNTs are in the range 10-20
nm and their specific surface areas are in the range 100-160
m?/g. Ultra-pure water was used for solution preparation.
Lead nitrate and phenol were purchased from Tianjin Fu
Rui Technology Co. Ltd. (China). Nitric acid, sulfuric acid,
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hydrazine, and acetone (purity > 99.5%) were purchased
from Big Alum Chemical Reagent Factory (China). The
(3-mercaptopropyl)trimethoxysilane was purchased from
Beijing Biological Technology (China). All of the chemicals
were of analytical grade and used without further purifi-
cation.

2.2. Characterization techniques

TEM (type JEM-2010, operating at 200 kV) was used to
characterize the morphology of the samples. FT-IR spectra
were recorded using a Nexus-870. All of the samples were
prepared by mixing KBr with the MWCNTs or modified
MWCNTs and spectra recorded over the 400-4000 cm™
range. XPS was used to determine the chemical composi-
tion of the surface of the samples using AIK radiation. The
resulting XPS spectra were deconvoluted using XPS peak
analysis software. The concentration of lead ions was deter-
mined using an Hitachi Z-5000 atomic absorption spectro-
photometer (AAS), and that of phenol was found using an
ultraviolet-visible spectrophotometer (model VU-1000).
Specific surface area of all samples was measured by spe-
cific surface area instrument (Type 3H-2000PS2). All of the
water used though the experiment was produced using an
ultra-pure water system (Ulupure, UPD-I-20T).

2.3. Experimental equipment and water quality analysis

The equipment used to investigate the synergistic effect
between the magnetic field and NH,-SH-GO/o-MWCNTs
are shown in Fig. 1. The system is composed of a water
tank, water pump, valve, water-heating tank, adjustable
permanent magnet, and a water meter. The pump was
used to circulate the water which was heated by passing
it through the water-heating tank (adjustable using a tem-
perature controller). The adjustable magnet equipment was
manufactured by Shenzhen Yitian Magnetic & Devices Co.,
Ltd, China, and was operated over a range of 0-0.8 T.

Artificial hard water was prepared by dissolving CaCl,,
Pb(NO,),, and phenol in the circulating water. Conductivity,
pH, molecular activation energy, relative change in intramo-
lecular energy, and proportion of free water were selected as
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Y valve
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Fig. 1. The devices used to investigate the synergistic effect be-
tween a magnetic field and NHZ-SH-GO/ o-MWCNTs.

measurement objectives. A pH meter (type Delta320, Met-
tler-Toledo Ltd.) was used to measure the pH value of the
circulating water and a conductivity meter to measure its
conductivity (type Delta326, Mettler-Toledo Ltd.). Viscosity
was determined using a viscometer (produced by Shang-
hai Fangrui Devices Co., Ltd.). Nuclear magnetic resonance
experiments were carried out using a Bruker Avance AVIII
400 spectrometer equipped with a standard 5 mm probe
at 400 MHz. The sample temperature was set to 298 K and
kept constant to within +0.1 K.

2.4. Preparation of the NH -SH-GO/o-MWCNTs
2.4.1. Preparation of GO/o-MWCNTs

A weighed sample of MWCNTs (1 g) was added to a
three-necked bottle together with 30 ml of concentrated sul-
furic acid and 10 ml of concentrated nitric acid to remove
impurities. Then, the mixture was stirred ultrasonically for
3 h at 60°C. The suspension produced was filtered, rinsed
with deionized water until the pH value reached 7, and
then dried in a vacuum oven at 80°C for 12 h. The product
obtained was oxidized MWCNTs (o-MWCNTs).

Graphene oxide was prepared according to a modi-
fied Hummers’ method. First, natural graphite (2 g) was
dispersed in a three-necked bottle with 46 ml of sulfuric
acid keeping the temperature below 5°C. The mixture was
stirred until dissolution was complete, and then sodium
nitrate (1 g) and potassium permanganate (6 g) slowly
added. The mixture was then stirred for 2.5 h. The mix-
ture was then placed in a water bath kettle at 85°C and
stirred for 24 min. Then, hydrogen peroxide (40 ml, wt
30%) was added and left for 5 min. The mixture was sep-
arated and the solid washed with deionized water until
the pH value of the product reached neutrality. Finally,
the product was treated with ultrasonication, centrifuged,
and dried in a vacuum oven for 24 h at 80°C. The product
obtained was GO.

Weighed portions of GO (0.1 g) and o-MWCNTs (0.2 g)
were dispersed in 100 ml of absolute alcohol and treated for
2 h with ultrasound. The mixture was placed into a three-
necked bottle and treated with ultrasound for another 2 h.
Finally, it was filtered, washed with absolute alcohol several
times, and then dried in a vacuum oven for 12 h at 80°C.
The product obtained is the GO/0o-MWCNTs component
used in the next stage.

2.4.2. Preparation of NH,-SH-GO/o-MWCNTs

A portion of GO/0o-MWCNTs (200 mg) was added to
40 ml of absolute alcohol at 25°C. Then, 4 ml of acetic acid
and 8 ml of MPTS was added and the solution left for 24 h,
after that, 100 ml of acetone was slowly dispersed into the
solution. The SH-GO/0o-MWCNTs produced were filtered
and washed several times with ultra-pure water. A sample
of the SH-GO/o-MWCNTs (100 mg) was dispersed in 50
ml of absolute alcohol. The mixture was stirred vigorously
and 10 ml of hydrazine hydrate added. Then, the mixture
was further stirred for 6 h. Subsequently, the composite was
filtered and washed. Finally, the product was dried in a vac-
uum oven at 80°C for 8 h. The product finally obtained was
the NH,-SH-GO/0o-MWCNTs.
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2.5. Investigating the synergy between NH,-SH-GO/o-MWCNTs
and a magnetic field

Ten liters of ultra pure water were placed in the circulat-
ing system and the system adjusted to furnish the required
conditions (a flow rate of 0.17 m/s, initial adsorbate con-
centration of 50 mg/1, and temperature of 30°C). Our initial
experiments showed that the magnetic field had its optimal
effect on scale inhibition under the conditions. The per-
manent magnet was adjusted to yield different magnetic
field intensities. The magnetic variation experiments were
conducted on a circulating water system where a known
concentration (50 mg/1) of NH,-SH-GO/o-MWCNTs was
flowing. Water samples was withdrawn after 5, 15, 25, 35,
45,60, 75,100, 140, 195, 285, 405, 525, and 685 min and used
to determine pH, viscosity, and surface tension. On this
basis, much information could be calculated, including the
relative change in intramolecular energy, the variation in
the molecular activation energy, and the relative change in
the proportion of free water. Additionally, small amounts
of water were taken at 0 and 685 min to measure the peak
widths of nuclear magnetic resonance of circulating water
using the NMR spectrometer. Afterwards, the relative
change in the proportion of free water in the circulating sys-
tem was further calculated using Eq. (1) [28]:

AC _C-C, _Avj,—Avy,

1)
G, C, Avy,

where C is the proportion of free water after magnetic treat-
ment, C, the initial proportion of free water, and AC/C the
relative change in the proportion of free water. In addition,
Avy, is the experimental peak width (at half height) and
Avf/z the initial peak width (at half height). Similarly, the

change in the intramolecular energy can be found in Eq. (2)
[29]:

Einner _ E(i)nner ~ S _ SO ~ T _ TO (2)
E(i)nncr So To

where E™ refers to the intramolecular energy (J), S to
entropy (J/mol/K), and T to surface tension (N/m). As
before, a subscript ‘0" refers to an initial value (before appli-
cation of the magnetic field) and unsubscripted values to
those after magnetic treatment. Thus, (E™ — E ™) /E "
is the relative change in the intramolecular energy caused
by the magnetic field. A certain amount of circulating water
was taken to measure the concentration of Pb* ions and
phenol. The amount of lead and phenol adsorbed by the
adsorbent was subsequently calculated according to Eq. (3)
[30]:

_G-C)V
¢ M

where g_ is the quantity adsorbed at equilibrium by the
adsorbent (mg/g), C,and C_are the initial and equilibrium
concentration of adsorbate (mg/1), respectively, V is the vol-
ume of the solution (1), and M is the mass of adsorbent (g).
If E and E, denote the activation energies of the exper-
imental water and ultra-pure water (kJ/mol), respectively,
then the relative change in activation energy AE/E can be
calculated from the viscosity of the solution by Eq. (4) [31]:

®)

AE _E-E, _ Inn—-Inn,
E, E,  Inm,—-In(hN,/V,)

(4)

where 1 and n are the viscosities of the solution and ultra-
pure water, respectively (m-Pa-s), I is Planck’s constant (h
= 6.626x107*), N, is Avogadro’s constant (N, = 6.02x10%
mol™), and V_is the molar volume of the liquid (1/mol).

3. Results and discussion
3.1. TEM

Fig. 2 displays TEM images of the original MWCNTs,
purified MWCNTs, GO, and NH,-SH-GO/o-MWCNTs. It
can be clearly seen from Fig. 2a that the original MWCNTs
have tubular structures with diameters of about 20 nm and
whose surfaces are smooth with a few catalyst impurities
upon them. The impurities show serious signs of agglom-
eration, implying that as original MWCNTs were not well
dispersed, they needed to be purified. The length of original
MWCNTs is greater than 5 pm and the specific surface area
is 80-140 m?/g measured by specific surface area instru-
ment. Fig. 2b illustrates that the shortened multi-walled
CNTs had been purified by the use of the mixed acids
(hardly any catalyst impurity is apparent). And the length
of purified MWCNTs is shored and about greater than 1 pm
and the specific surface area is 100-160 m*/g. As a result
of the oxidation treatment, the surfaces of the multi-walled
CNTs had become rough, showing lots of grooves and pits.
In addition, the tail ends have become unpacked, imply-
ing that the agglomeration of MWCNTs had been reduced
because of the oxidation treatment. The reason was that
surfaces of MWCNTs carried numerous oxygen-containing
functional groups (including carboxyl and hydroxyl) which
improved the dispersity of MWCNTs. Fig. 2c shows that the
natural graphite has a laminar structure and its widths is of
about 400-500 nm. The specific surface area is about 100-
130 m?/g. As shown in Fig. 2d, GO has a massive thin sheet
structure with numerous folds and the layers are closely
combined with widths of about 10-20 um. The specific sur-
face area is about 120-170 m*/g. The gaps among the graph-
ite layers have clearly increased under the oxidizing effect
of the oxidizing agents. Fig. 2e shows that the GO becomes
connected with the purified MWCNTs to form a spatial ste-
reochemical structure where MWCNTs are inserted into the
layers of GO. And the specific surface area is about 140-180
m?/g. A large number of MWCNTs have adsorbed onto the
surface of GO, which directly indicates that the synthesis of
NH,-SH-GO/0o-MWCNTs has been successful.

3.2. FT-IR analysis

Fig. 3 presents FI-IR spectra of GO/o-MWCNTs and
NH,-SH-GO/0o-MWCNTs. It can be seen from Fig. 3a that
an obvious absorption peak due to a stretching vibration
appears at 1622 cm™ which can be assigned to C=C stretch-
ing in the CNTs and GO [32]. This result showed that the
basic structures of CNTs and GO were not damaged despite
being subjected to oxidation by the strong acids. The spec-
trum of the NH,-SH-GO/0o-MWCNTs revealed that there
were three new peaks at 1245, 750, and 720 cm™, which cor-
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Fig. 2. TEM images, (a) original MWCNTs, (b) o-MWCNTs, (c) graphite, (d) graphene oxide, and (e) NH,-SH-GO/o-MWCNTs.
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Fig. 3. FT-IR spectra of GO/0-MWCNTs (a) and NH,-SH-GO/o-
MWCNTs (b).

respond to the stretching vibration of Si-O, Si-C, and Si-N
bonds, respectively. The silicon element derives from the
MPTS. The occurrence of Si-O bond implied that the MPTS
had connected to the oxygen-containing groups on the sur-
faces of the CNTs or GO, while the appearance of Si-N peak
showed that amino groups also connected with the MPTS.
The above results directly verify that amino and sulfhy-
dryl groups were loaded onto the surfaces of the CNTs or
GO. Fig. 3b shows the peaks occurring at 3450 cm™ and
1725 cm™ correspond to the stretching vibrations of O-H
and C=0, respectively. This was because a large number
of hydroxyl and carboxyl groups were introduced during
the oxidation of the graphite and purification of the CNTs.
Additionally, there is a weak peak at 2560 cm™, which

Table 1
Energies, peak areas, and elemental percentages found for the
NH,-SH-GO/o-MWCNTs

Element Energy (eV) Peak area (%)  Percentage (%)
Cls 284.39 74.07 82.55

Ols 530.66 16.29 11.76

N1s 400.25 444 2.76

S2p 164.51 2.96 1.56

Si2p 101.32 222 1.37

belongs to a stretching vibration of S-H, implying that sulf-
hydryl groups occur in NH,-SH-GO/0o-MWCNTs [33]. The
aforementioned results indicate that amino and sulfhydryl
groups are loaded on the surfaces of the CNTs and GO to
successfully synthesize the composite material NH,-SH-
GO/0o-MWCNTs.

3.3. XPS analysis

XPS is a method typically used to analyze the surface
functional groups of composite materials. Table 1 displays
the elements found in the NH,-SH-GO/o-MWCNTs and
their percentages. As can be seen, C, O, N, S, and Si occur
with percentage of 82.55%, 11.76%, 2.76%, 1.56%, and 1.37%,
respectively. The oxygen content is high which implies that
there are numerous oxygen-containing groups on the sur-
faces of the NH,-SH-GO/0-MWCNTs. The occurrence of S
and Si also reveals that sulfhydryl groups can be found in
the NH,-SH-GO/0o-MWCNTs. Fig. 4a shows there are five
elements in NH,-SH-GO/0o-MWCNTs. The strong peak at
284.8 eV corresponds to the element C in the CNTs, while
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Fig. 4. A wide XPS scan of the NH,-SH-GO/0o-MWCNTs composite is shown in (a) and more detailed views are also shown of the
(b) Cl1s, (c) O1ls, (d) N1s, (e) S2p, and (f) Si2p peaks. The experimental data was fitted to Gaussian forms (assigned to specific chem-

ical bonds, as indicated) and the best fits plotted in the figures.

the peaks at 530.66 and 400.25 eV correspond to Ols and
N1s, respectively. In contrast, the weak peaks at 164.51 and
101.32 eV belong to S2p and Si2p, respectively.

Fig. 4b reveals that the C1s energy spectrum in NH,-SH-
GO/0-MWCNTs can be divided into two Gaussian peaks
at 284.39 and 286.6 eV, which correspond to C=C in the
MWCNTs or GO and C=0 in carboxyl group, respectively.
As shown in the sub-peak spectrum of Ols (Fig. 4c), the
Gaussian peaks at 531.94 and 533.35 eV correspond to C-O
and C-OH, respectively, which is consistent with the results
of an analysis of the C1s data in the energy spectrum. The
occurrence of these oxygen-containing groups directly veri-
fies that the surfaces of the CNTs or GO had been oxidized.
These oxygen-containing groups provide more adsorption
sites for the adsorption of pollutants. Fig. 4d shows the
Gaussian peak measured for N1S, which implies that there
are N-H groups in the NH,-SH-GO/0o-MWCNTs, while
Fig. 4e indicates that there are also sulfhydryl groups in the
composite material. Fig. 4f reveals that the Gaussian peaks
corresponding to Si-O and Si-N were detected at 103.48
and 102.78 eV, respectively, indicating that the MPTS was
successfully incorporated onto the surfaces of the CNTs
and GO and the sulfhydryl groups were connected with the
amino groups. These results confirm the FT-IR results.

3.4. Relative variation of free water proportion

Fig. 5 illustrates relative variation in of free water pro-
portion varies at different magnetic field intensities. It can
be seen from the figure that the original concentration of

target ions was 50 mg /1 after 685 min of magnetic treatment
while the relative change in the proportion of free water
in the circulating system without magnetic treatment was
41.01%. When the magnetic field intensity was 0.27 T, the
original concentration of target ions was 50 mg/L and the
relative change in the free water proportion declined to
22.88%. The fall in the relative change in proportion of free
water indicates that the proportion of free water molecules
in the circulating water dropped because of the magnetic
treatment while the proportion of associated water rose.
Therefore, more ions were transformed into hydrated ions.
This reduces the probability of calcium carbonate scale, and
so the results indirectly verify that the magnetic field has a
scale-inhibiting effect on the circulating water. The relative
change in the proportion of free water decreased constantly
with increasing magnetic field intensity, which implies that
a more significant scale-inhibition effect results from stron-
ger magnetic fields [34]. When the original concentration of
target ions was increased to 70 mg/1, although the propor-
tion of free water still declined, the degree was significantly
lower than the original concentration of 30 and 50 mg/1.
This illustrates that larger concentrations did not give rise
to a better magnetic treatment effect. This is because the
increase in the number of the hydrogen bonds is smaller
due to increasing the original concentration of the target
ions so that more free water molecules occurred in the cir-
culating water. Thus, more target ions exist in the form of
ions in the circulating water, which increases the probabil-
ity that calcium and carbonate ions will combine and there-
fore reduces the scale-inhibiting effect of the magnetic field.
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When the initial concentration rose to 90 mg/1, the phenom-
enon was more evident. Therefore, the relative changes in
the proportion of free water decreases under the synergis-
tic effect between the magnetic field and NH,-SH-GO/o-
MWCNTs. This indicates that the proportion of free water
molecules declines and more target ions exist as hydrated
ions. This facilitates the production of hydrogen bonds and
reduces the rate of mutual collision between scale-produc-
ing ions so that the magnetic field exerts a scale-inhibiting
effect [35].

3.5. Change in adsorption quantity with magnetic field intensity

Fig. 6 shows how the quantity of target pollutants
adsorbed changes with magnetic field intensity. Fig. 6a
illustrates the results for lead ions. Without magnetic treat-
ment, the adsorption capacity for lead ions increased rap-
idly at first and then stabilized. The adsorption amount
reached 76.37 mg/g at 35 min and the adsorption process
gradually stabilized. When the magnetic field intensity was
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Fig. 5. The effect of magnetic field intensity on the relative
change in the proportion of free water.

0.27 T, adsorption capacity for lead ions also rapidly rose
at first and then stabilized. In this case, adsorption amount
corresponds to 99.90 mg/g, which is far larger than that
of without a magnetic field. This result clearly shows that
magnetic field can promote the adsorption process of NH,-
SH-GO/0o-MWCNTs for lead ions. It is apparent that mag-
netic field favors the adsorption process for lead ions due
to a synergistic effect between magnetic field and NH, -SH-
GO/0-MWCNTs. The phenomenon becomes more signifi-
cant as magnetic field intensity increases. In particular, the
adsorption amount for lead ions reached 130 mg/1at 0.54 T,
which is about twice than that of without magnetic field.
The above results prove that magnetic field promotes the
adsorption process for lead ions due to a synergistic effect
between the magnetic field and NH,-SH-GO/0o-MWCNTs.
The effect was optimal when the magnetic field intensity
was 0.54 T.

Fig. 6b shows similar results for phenol by NH,-SH-
GO/0o-MWCNTs. Compared with Fig. 6a, magnetic field
in this case can inhibit the adsorption for phenol onto the
adsorbent. As time passed, the quantity of phenol adsorbed
onto the adsorbent without a magnetic field rose at first and
then stabilized. The amount of phenol adsorbed reached
39.71 mg/1 after 35 min, which is far lower than that for
lead. This indicates that phenol competes with lead ions
and the adsorption capacity of NH,-SH-GO/o-MWCNTs
for lead ions is higher than that for phenol. With increasing
magnetic field intensity, the quantities of phenol adsorbed
by NH,-SH-GO/0-MWCNTs increase at first and then sta-
bilized. However, the quantity adsorbed is far lower than
that without a magnetic field, implying that magnetic field
inhibits the adsorption process for phenol. This phenome-
non becomes increasingly more significant as the magnetic
field intensity increases. This is because Pb** mainly occurs
as hydrated ions in water and the polarity of the moving
water molecules weaken under the effect of the external
magnetic field which reduces their electrostatic attraction
to the positive ions [36]. Additionally, the charged ions
exhibit as crew type circular motion as they are affected by
a Lorentz force. Therefore, it is relatively easy for Pb*ions
to rid themselves of the constraints placed on them by the
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Fig. 6. The effect of magnetic field intensity on adsorption capacity towards (a) Pb** and, (b) phenol.
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moisture. As a result, they become small hydrated ions or
single ions, which increase the probability of colliding with
the electronegative parts of the adsorbent. Thus, Pb* is
more readily adsorbed. When the magnetic field intensity
is 0.7 T, the adsorption quantities decrease slightly. Large
water-containing molecular clusters hinder the adsorption
effect and thereby reduce the quantity adsorbed by the
adsorbent. Thus, the quantity of phenol adsorbed was far
lower than that of Pb**[37]. Although it contains some polar
groups, the adsorbent is mainly composed of nonpolar
covalent bonds, such as C—C and C=C. Thus, the adsorbent
shows the characteristics of nonpolar molecules. That is, it
is easy to adsorb nonpolar molecules. However, the adsorp-
tion of phenol by the adsorbent is mainly realized through
complexing reactions with the polar bonds on the surface
because phenol is a polar molecule [38]. The quantity of
phenol adsorbed is low because there are only a few polar
bonds on the surface. Phenol and water both consist of polar
molecules and the former ionizes weakly. Phenol combines
with water molecules to form close water—-molecule clusters
via a mutual orientation force which aggravates the inclu-
sion phenomenon. Therefore, phenol combines with the
adsorbent with some difficulty.

3.6. The changesin pH and conductivity

To investigate the synergistic effect on the solution’s
pH and conductivity, we measured the pH value and con-
ductivity for different magnetic field intensities: 0, 0.27,
0.4, 0.54, and 0.7 T (a flow rate of 0.17 m/s and original
concentration of 50 mg/1 was used throughout). Fig. 7 dis-
plays the results. It can be observed from the figure that
the pH of the circulating water dramatically fluctuated in
the range 5.34-4.89 when the circulating water was not
subjected to a magnetic field (0 T). This suggests that the
quality of the circulating water was unstable. This may
be related to the fact that CO, (in the air) was constantly
dissolving into the circulating water and thus changing
the pH value [39]. When the magnetic field intensity was
0.27 T, the pH of the circulating water tended to be more
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stable, maintaining a value in the region of 5.1. It became
increasingly more obvious that the pH value became more
stable as the magnetic field intensity became larger. The
above result shows that a magnetic field can stabilize the
pH of the circulating water. Scale is less likely to occur in
circulating water that has a more stable pH value, which
indirectly verifies that the magnetic field has a scale-inhib-
iting effect on the circulating water.

Fig. 7(b) reveals the effect of magnetic field intensity on
conductivity. As the figure shows, the conductivity of the
circulating water fluctuated only slightly when the mag-
netic treatment was not applied. Thus, the number of con-
ductive ions in the circulating water hardly changed during
the experiment. When a magnetic field of 0.27 T was applied
to the circulating water, the conductivity rapidly increased
to 285 uS/cm after 15 min. As the duration of the magnetic
treatment was further prolonged, the conductivity fluctu-
ated only slightly. The increase in conductivity shows that
the number of conductive ions had increased. Thus, ions
that would have become the nuclei of calcium carbonate
crystals were transformed into free ions or hydrated ions
thus inhibiting the scale-formation effect [40]. The phenom-
enon became increasingly more noticeable with further
increases in magnetic field intensity. This proves that the
magnetic field had a scale-inhibiting effect on the circulat-
ing water. The above results verify that the magnetic field
is still able to inhibit scale formation in the presence of the
synergistic effect between magnetic field and NH,-SH-GO/
o-MWCNTs.

3.7. Molecular activation energy and intramolecular energy

Fig. 8 shows the effect of magnetic field on molecular
activation energy and intramolecular energy. The changes
in molar energy (AE) and activation energy (AE) of the lig-
uid satisfy Eq. (5) [39]:
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where m and m, represent viscosities of the circulat-
ing water with and without the magnetic field (mPa-s),
respectively; E” and E/, mean molar activation energy of
circulating water with and without the magnetic field (J/
mol); and AE represents the change in the molar activation
energy of the circulating water (J/mol). As shown in Fig.
8a, the molecular activation energy of circulating water
without magnetic field remained unchanged. The activa-
tion energy is the required energy to form a hole. That is
to say, be capable of containing a water molecule in the
liquid. Thus, the higher the activation energy, the larger
the energy required to transform the liquid from a stable to
active state [41]. The activation energy curve of circulating
water increased at first and then stabilized at 0.27 T. The
same behavior was found at higher magnetic field inten-
sity. The results show that activation energy increases with
augment of magnetic field intensity. The activation energy
of circulating water without magnetic field remained
unchanged. This indicates that energy requiring transform
to the active state was unchanged. So the circulating water
was prone to chemical reaction and calcium and carbonate
ions could more easily form calcium carbonate.

Fig. 8b displays the effect of magnetic field on the relative
change in the intramolecular energy of circulating water. As
shown in the figure, the intramolecular energy of circulating
water without magnetic field hardly changed with increas-
ing of magnetic treatment time. When magnetic field inten-
sity was 0.27 and 0.4 T, the relative change in intramolecular
energy declined by small and significant amounts, respec-
tively. With increasing magnetic field intensity, the degree
of decline in the relative change in intramolecular energy
became increasingly apparent. The above results reveal that
magnetic field favorably reduces the intramolecular energy
in the circulating water to strengthen the interaction forces
between molecules. The viscosity of the liquid increased
under the external magnetic field, indicating that the forces
among water molecules increases to form more associated
hydrated ions. More scale-forming ions were combined
with water molecules to form hydrated ions, which further

decreased the probability of collisions among scale-forming
ions. The reduction inhibits scale formation.

4. Conclusions

In this study, we treated circulating water by taking
advantage of a synergistic effect between magnetic field and
NH,-SH-GO/0o-MWCNT composite. The NH,-SH-GO/o-
MWCNTs were first prepared and characterized with TEM,
FT-IR, and XPS. The synergistic effect between the prepared
composite material (as the adsorbent) and magnetic field
was used to treat circulating water containing Pb*, Ca*,
and phenol. The effect of magnetic field intensity on sev-
eral parameters could be analyzed including equilibrium
adsorption quantities, pH, activation energy, relative varia-
tion in intramolecular energy, and proportion of free water.
TEM images showed that multi-walled CNTs inserted into
GO layers to form the composite material. The occurrence
of Si-O bonds in the FT-IR spectra indicates that MPTScon-
nect with oxygen-containing groups on the surface of CNTs
or GO. The molecular activation energy of circulating water
remained unchanged without magnetic field. Intramolec-
ular energy of circulating water declined slightly at 0.27
T. The proportion of free water was reduced by magnetic
treatment, implying that more scale-forming ions were
present as hydrated ions. The combined utilization of mag-
netic field and NH,-SH-GO/0o-MWCNT can inhibit scale
formation and promote lead ions adsorption but inhibits
phenol adsorption. The method has promising prospects
and may be useful in various industrial settings.
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