Science of the Total Environment 692 (2019) 660-668

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science o«
Total Environment

Adsorption, aggregation and sedimentation of titanium dioxide L))

nanoparticles and nanotubes in the presence of different sources of

humic acids

Check for
updates

Tianhui Zhao *°, Mengyuan Fang <, Zhi Tang ®*, Xiaoli Zhao °, Fengchang Wu ®, John P. Giesy ¢

@ College of Water Sciences, Beijing Normal University, Beijing 100875, China

b State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences, Beijing 100012, China
€ Faculty of Environmental Science and Engineering, Kunming University of Science and Technology, Kunming, Yunnan 650550, China

94 Department of Veterinary Biomedical Sciences and Toxicology Centre, University of Saskatchewan, Saskatoon, Saskatchewan, Canada

€ Department of Environmental Science, Baylor University, Waco, TX, United States

HIGHLIGHTS

The adsorption amount of HA on TiO,
NMs decreases with pH increasing, the
adsorption percentages of HAg was
higher than HAg

The morphology of TiO, NMs and the
source of HA have great influence on
the adsorption of HA on the surfaces of
TiO; NMs

The suspension performance of TiO,
NPs and TiO, NTs also increased by
adsorbed HA

Aromatic- rich HA was found to have a
greater stabilizing effect on TiO, NMs
than aliphatic-rich HA

ARTICLE INFO

Article history:

Received 27 May 2019

Received in revised form 18 July 2019
Accepted 19 July 2019

Available online 20 July 2019

Editor: Dr. Jay Gan

Keywords:

Adsorption

Aggregation

Sedimentation

Titanium dioxide nanoparticles

* Corresponding author.

E-mail address: tzwork@hotmail.com (Z. Tang).

https://doi.org/10.1016/j.scitotenv.2019.07.312

0048-9697/© 2019 Elsevier B.V. All rights reserved.

GRAPHICAL ABSTRACT

B HA, (Elliott Soil 1S102H)

g HA,(Suwannee River 2101 H)

surface areas &
14.0m’g @ B &
( /

e

ABSTRACT

Environmental behavior, bioavailability and risks posed by TiO,, nanomaterials (TiO, NMs) in surface waters are
affected by morphologies of the particles and geochemistry, including pH, inorganic and organic matter. Here, the
adsorption, aggregation and sedimentation of TiO, nanoparticles (TiO, NPs) and nanotubes (TiO, NTs) were in-
vestigated in the presence of Elliott Soil humic acid (HAg) and Suwannee River humic acids (HAs). The adsorption
amount of HA on TiO, NMs was inversely proportional to pH of solution. Maximum adsorption amount of HA on
the surface of TiO, NMs follows the order TiO, NPs + HAg (236.05 mg/g) > TiO, NTs + HAg (146.05 mg/g) > TiO,
NTs + HAs (70.66 mg/g) > TiO, NPs + HAs (37.48 mg/g). Stability of TiO, NPs and TiO, NTs largely depended on
their isoelectric point, morphology and solution pH in the absence of HA. Dispersion of TiO, NMs was enhanced
with solution pH deviated from the isoelectric point of nanomaterials due to electrostatic repulsion. Moreover,
tubular structures of TiO, NTs with higher length-diameter ratio seem to aggregate more easily than dose
sphere-like TiO, NPs. This might be due to their spherical structure enhancing steric repulsion. Notably, the ad-
sorption of HA led to disagglomeration and significant stability of TiO, NPs and TiO, NTs due to steric hindrance
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Nanotubes
Humic acid

under varying solution pH. In addition, adsorption time, concentration and sources of HA also influenced suspen-
sion/sedimentation behavior of TiO, NPs and TiO, NTs, and aromatic-rich HAg stabilized TiO, NMs suspension

more aggressively than aliphatic-rich HAs.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide nanomaterials (TiO, NMs) are characterized by
high chemical stability, thermal stability, resistance to corrosion and
catalytic properties. These properties of TiO, NMs promoted them
widely used in dyes, food packaging materials, environmental purifica-
tion, wastewater treatment, sensors, solar cells, aerospace and other in-
dustries (Chen and Mao, 2007; Ji et al., 2014; Mondal et al., 2011;
Oberdoester, 2010; Supha et al., 2015). As nanotechnology advances,
TiO, NMs with various morphologies and functions have been created.
For example, titanium dioxide nanotubes (TiO, NTs) have greater spe-
cific surface area than titanium dioxide nanoparticles (TiO, NPs),
which are widely used in biomedical coatings (Cheng et al., 2018),
photocatalysis (Macak et al., 2010), solar cells (Han et al., 2012; Roy
et al.,, 2011; Shankar et al., 2009) and electrochromic devices (Koo
et al., 2017). Due to their large-scale production and application, TiO,
NMs inevitably released into the environment and participates in the
geochemical cycle. It has been estimated that in Asia 42,202-44,032
metric tons of TiO, NMs have been released to air, water, soil, and land-
fills, and TiO, NMs rank first among commonly used engineering
nanomaterials (Keller and Lazareva, 2014; Hochella et al., 2019).

TiO, NMs are nonbiodegradable so they can accumulate in the envi-
ronment and can damage ecosystems and pose risks to human health
through the food chain (Forgacs et al., 2004). TiO, NMs have significant
effect on the unicellular green alga Chlamydomonas reinhardtii (Wang
et al,, 2008), the mortality of large flea (Lovern and Klaper, 2010) and
respiratory system of rainbow trout (Federici et al., 2007). Moreover,
the suspension/sedimentation and morphology of TiO, NMs in aqueous
environments significantly affect their toxicity to aquatic organisms
(Sendra et al., 2017). The results of previous study demonstrated that
the TiO, NMs treated by filtration are more toxic to large fleas than son-
ication (Hillegass et al., 2010). In natural waters, complex physical and
chemical parameters, such as pH, temperature, natural organic matter
and ionic strength influence the migration, transformation and suspen-
sion/sedimentation of TiO, NMs (Wang et al., 2012). To this end, study-
ing the suspension/sedimentation behavior of TiO, NMs in water could
provide theoretical basis for understanding their biological toxicity and
ecological effects.

Humic acid (HA), an important component of dissolved organic mat-
ter (DOM), has been used to evaluate its environmental geochemical
processes (Erhayem and Sohn, 2014b). Sources of HA in water are
mainly divided into those that are endogenous and exogenous. Endog-
enous HA is mostly generated from animal and plant residues in water
through long-term physical, chemical and biological interactions. In
contrast, exogenous HA is primarily produced from surface water dis-
solving the HA in soil. HA derived from different sources has large differ-
ences in molecular weight, elemental composition and functional
groups (carboxyl groups, phenols and carbonyl amine groups), which
will strongly affect its adsorption and complexation with metals and or-
ganic pollutants in water, and thus affects their migration, transforma-
tion and fate (Erhayem and Sohn, 2014b; Lin et al., 2012; Mcdonald
et al., 2004; Schnitzer and Khan, 1974; Sun et al., 1997). Therefore, it
is still urgent to investigate the effects of HA from different sources on
the environmental behavior of nanomaterials.

The results of previous studies have indicated that the adsorption of
HA can affect the suspension/sedimentation and ecotoxicity of TiO, NPs
(Dasari and Hwang, 2010; Lee et al., 2011; Thio et al., 2011). The adsorp-
tion of HA on TiO, NPs was through electrostatic adsorption and ligand

exchange between the surface hydroxyl groups of TiO, NPs and car-
boxyl groups or phenolic hydroxyl groups of HA molecules (Erhayem
and Sohn, 2014b; Li et al., 2015). Compared to TiO, NPs, TiO, NTs differ
in terms of physicochemical properties such as isoelectric point, specific
surface area, active site and surface functional groups (Liu et al., 2005;
Shankar et al., 2009), and the unique physical and chemical properties
of TiO, NTs further give rise to a greater adsorption capacity, and their
ability to adsorb pollutants in water is also stronger (Xiong et al.,
2011). Moreover, the suspension/sedimentation properties of TiO,
NPs and TiO, NTs in water are different. Compared with TiO, NTs, TiO,
NPs are more stable in natural waters due to their micro-structure
(Bavykin et al., 2006; Chen et al., 2010; Niu et al,, 2009). Results of pre-
vious studies have indicated that HA promotes the suspension of TiO,
NPs in water due to electrostatic repulsion and steric hindrance
(Chowdhury et al., 2012; Erhayem and Sohn, 2014b; Li et al.,, 2015).
However, limited research about effects of HA on the suspension/sedi-
mentation properties of TiO, NTs. Liu et, al. studied the effects of HA de-
rived from water, pH and ionic strength on the aggregation, suspension
and sedimentation of TiO, NTs (Liu et al., 2013). Nonetheless, these
studies did not compare effects of sources of HA on the suspension/sed-
imentation of TiO, NTs. Indeed, it is important to understand the ad-
sorption of different sources of HA on the surfaces of TiO, NPs and
TiO, NTs, and effects of HA on aggregation and suspension/
sedimentation.

By comparing two different sources of HA, this study systematically
investigates their adsorption on surfaces of the TiO, NPs and TiO, NTSs,
and the effects on suspension/sedimentation properties of TiO, NMs.
This investigation would provide the theoretical basis for recognizing
the environmental behaviors and potential ecological risks of TiO,
NMs with different morphologies in the presence of either of several
sources of HA.

2. Experimental and method
2.1. Materials and chemicals

TiO, NPs used in this experiment were purchased from J&K Scientific
(San Jose, USA, CAS: 13463-67-7). HA Elliott Soil (1S102H, HAg) and HA
Suwannee River (25101H, HAs) were purchased from the International
Humic Substances Society (IHSS, St. Paul, USA). The element constitu-
tion, amount of acid functional groups and the corresponding distribu-
tion of organic carbon based on the spectra of '*C NMR of HAg and
HAs are listed in Table S1. All the chemicals used in the experiments
were analytical reagent grade unless otherwise specified, and they
were used without further purification. Ultra-pure Milli-Q water
(18.2 MQ cm) produced by a Milli-Q Advantage System (Merck, Darm-
stadt, Germany) was used for all experiments. All statistical analysis was
performed in Origin Pro 8.0.

2.2. Preparation of HA stock solutions

HA was dissolved in 0.1 M NaOH solution. The solution was kept
in a shaker at room temperature (22 4+ 1 °C) for 12 h to dissolve
completely, then filtered through a 0.45 um fiber membrane (MF
Cat No: HAWP04700) prior to use. The HA stock solution was diluted
in a series of concentrations ranging from 10 to 60 mg/L. The pH of
each HA solution was adjusted to the desired value by adding
NaOH and HCl solution.
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2.3. Preparation of protonated TiO, NTs

TiO, NTs were prepared by using the alkaline hydrothermal method
as previously described (Zhao et al., 2019). First, 3 g of anatase-phase
TiO, NPs powder was dispersed in 100 mL of 10 M NaOH solution and
vigorously stirred for 24 h. Subsequently, the mixture was autoclaved
at 150 °C for 24 h. The obtained white product was washed with deion-
ization water until the supernatant pH became neutral, and then soaked
in 0.5 M hydrochloric solution for 5 h. Interlayer sodium ions were an-
ticipated to be exchanged for protons during the soaking of the nano-
tubes in acidic solution. Then, the protonated TiO, NTs were again
washed to pH 7 with deionized water. Finally, the products were dried
at90 °C.

2.4. Batch adsorption experiments

All batch tests were performed in 100 mL glass bottles by adding
10 mg (dry mass) of TiO, NP or TiO, NT adsorbent to HA solutions.
The final volume of mixture was 50 mL. The solution pH was adjusted
by adding 0.1 M HCl or NaOH. lonic strength was controlled to 0.01 M
with 1 M Nadl solution.

To investigate effect of pHs on adsorption, a series of suspension
samples were prepared by adding TiO, NMs to HA solution (40 mg/L)
and adjusting each mixture to pH 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 or 10.0,
respectively. The mixture was stirred for 24 h, then the supernatant
was filtered through 0.45 um pore-size cellulose, and absorbance was
measured using a UV-Vis spectrophotometer at 254 nm (UV-8453,
Agilent, Santa Clara, USA).

Adsorption isotherms were developed from data collected by adding
TiO, NMs to various initial concentrations of HA (5, 10, 20, 30, 40, 50 or
60 mg HA/L). The mixture was stirred on a rotary shaker for 24 h. Then
the supernatant was filtered through 0.45 pm pore-size cellulose prior
to absorbance measurement using a UV-Vis spectrophotometer at
254 nm. The adsorption isotherms were fitted using both Langmuir
and Freundlich adsorption isotherm models.

Adsorption kinetics were determined by adding TiO, NMs to an ini-
tial HA concentration of 20 mg/L measured after various durations. The
pH of the suspension was adjusted to 3.0 + 0.1. The suspension was
stirred in a shaker. A series of samples were prepared by separating
the supernatant from each suspension by a magnet after 0, 1, 2, 4, 8,
12, 24, 48 or 96 h, filtered through a 0.45 pm glass fiber membrane.
Change in the absorbance of each supernatant sample was analyzed
using a UV-Vis spectrophotometer at 254 nm.

2.5. Aggregation/sedimentation of TiO, NMs and TiO, NMs/HA

The change of TiO, NMs intensity-weighted averaged hydrodynamic
diameter (Dy,) over time (t) was measured using time-resolved dy-
namic light scattering (TR-DLS) (Nano-ZS90 Zetasizer, Malvern,
United Kingdom). The mixture was transferred immediately into a cu-
vette and measured by use of DLS. Each measurement lasted for 60 s,
numbers of measurement of each sample were 240. The sedimentation
of TiO, NMs in each suspension was evaluated by measuring the absor-
bance at 508 nm using a UV-Vis spectrophotometer (Li et al., 2015). The
ratio of absorbance C. measured at multiple intervals in respect to the
initial absorbance Cy was calculated. A low ratio indicated that more
TiO, NMs had been accumulated, and this is proportional to the proba-
bility of sedimentation having occurred.

2.6. Characterization

The morphology of TiO, NPs and TiO, NTs were determined by
transmission electron microscopy (TEM), H7500 transmission electron
micrograph (Hitachi, Japan) operating at 120 kV. Specific surface areas
(BET) of samples were investigated using an F-Sorb 3400 automatic

surface area Gold APP Instrument. Zeta potentials of all samples were
determined with Nano-ZS90 Zetasizer.

3. Results and discussion
3.1. Characterization of TiO, NPs and TiO, NTs

The mean particle size of TiO, NPs was approximately 25 nm. The
outer and inner diameter of TiO, NTs was about 9-10 nm and 1-2 nm,
respectively. While the length of TiO, NTs was about 0.1-0.2 pm, the di-
ameter and length of TiO, NTs were relatively uniform (Fig. 1). The spe-
cific surface areas of TiO, NPs and TiO, NTs was 14.0 and 226.75 mz/g,
respectively, which was greater than formerly due to a reduction in di-
mensionality causing a significant increase in specific surface area dur-
ing TiO, NTs synthesis (Roy et al., 2011). After being immersed in HCl
solution (remove the sodium ions in the crystal lattice), TiO, NTs syn-
thesized by concentrated alkaline hydrothermal process can form a tu-
bular structure. Importantly, the calcination temperature determines
the diameter of the tube (Kasuga, 2006; Wang et al., 2002).

Zeta potentials of TiO, NPs and TiO, NTs varied with pH of the solu-
tion. When pH was approximately 2.0, the Zeta potential of TiO, NPs
was positive and reached the maximum. Zeta potential of TiO, NPs
was inversely proportional to pH. When the pH was approximately
6.2, Zeta potential of TiO, NPs was zero. With pH continued to increase,
the Zeta potential value tend to become more negative. These results
suggest that the isoelectric point of TiO, NPs was approximately 6.2,
whilst the Zeta potential of TiO, NTs decreased with pH increasing,
the Zeta potential of TiO, NTs declined to zero at pH = 3.2, which was
significantly lower than TiO, NPs. This is due to the deprotonation of
the surface hydroxyl groups during the synthesis of TiO, NTs (Niu
et al., 2009).

3.2. Adsorption study

3.2.1. Effect of pH on the adsorption of different sources of HA on the surface
of TiO, NPs and TiO, NTs

In aqueous environments, pH determines surface charges of nano-
scale metal oxides. Adsorption amount of HAg and HAs on the surfaces
of TiO, NPs and TiO, NTs decreased with increasing pH (Fig. 2). Maxi-
mum adsorption percentage of HA on TiO, NPs and TiO, NTs was
achieved at pH = 3.0, the adsorption percentage of TiO, NPs to HAg
and HAs was 55.9% and 15.5%, respectively, and the adsorption percent-
age of TiO, NTs to HAg and HA are 45.0% and 30.0%, respectively. This is
because when pH is less than the isoelectric point of TiO, NMs, their sur-
faces are positively charged (Ti-OH + H' < Ti-OH"). Conversely, when
pH is greater than the isoelectric point, the surfaces are negatively
charged (Ti-OH & Ti-O” + H™ or Ti-OH + OH" & Ti-O~ + H,0)
(Zhao et al., 2019; Kataoka et al.,, 2004). Therefore, adsorption of nega-
tively charged HA on surfaces of TiO, NMs is strongly affected by the
pH of the solution. When pH = 3.0, the positive charge density on sur-
faces of TiO, NMs was largest, so the adsorption amount of HAg and HAg
reached the maximum. When pH > 8.0, the adsorption percentage of
HAg and HAs on the surface of TiO, NPs was close to zero. For TiO,
NTs, the adsorption percentage decreased significantly when pH > 6.0.
This is due to the difference in isoelectric points between TiO, NPs and
TiO, NTs. The surface of TiO, NTs contains a large number of ~OH func-
tional groups, which results in their isoelectric point being less than that
of TiO, NPs (Niu et al., 2009). As the pH of the solution increased, the
positive charge density on the surface of TiO, NMs decreased. Accord-
ingly, the adsorption amount of HA on the surface of TiO, NMs through
electrostatic adsorption decreases continuously. When the pH of the so-
lution was higher than the isoelectric point of TiO, NMs, the surface was
negatively charged, therefore, the adsorption of HAg and HAs by electro-
static attraction was hindered.

For different sources of HA, the adsorption percentage of HA; on TiO,
NPs and TiO, NTs were greater than that of HAg at the same solution pH
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Fig. 1. Transmission electron microscope pictures of TiO, NPs (a) and TiO, NTs (b).

value. Due to containing more aromatic functional groups, HAg has a
more hydrophobic effect than HAs (Table S1), which can promote its ad-
sorption on nano-materials (Erhayem and Sohn, 2014a, 2014b). The ad-
sorption percentage of HAg on surfaces of TiO, NTs was less than that on
surfaces of TiO, NPs. This is because the isoelectric point of TiO, NTs is
less, and the positive charge density on surfaces of TiO, NPs is greater
than that of TiO, NTs at the same pH. Therefore, adsorption percentage
of HAg on TiO, NPs was greater than that on TiO, NTs. For HAs, the ad-
sorption percentage was greater on the surface of TiO, NTs. HAs contain
more acidic functional groups (such as carboxyl groups, Table S1),
which will enter into ligand exchange reactions with function groups
on the surfaces of TiO, NMs (Li et al., 2015). HAs contains more aliphatic
components, so it is more curled under acidic conditions and which
might hinder continued adsorption of HAs. Therefore, the adsorption
amount of HAs on the TiO, NTs was greater than TiO, NPs, and the spe-
cific surface area of TiO, NMs plays a major role.

3.2.2. Adsorption isotherm

Adsorption isotherms of HAg or HAs on TiO, NMs were compared
(Fig. S2). Both the Langmuir (Eq. (1)) and Freundlich (Eq. (2)) iso-
therms fitted the data well.

_ QpkiCe
e 1 + kLCe (1)
Qe = kgCe!/M 2)

where: g is the amount (mg/g) of adsorbed HA at equilibrium and, Ce is
the equilibrium HA concentration (mg/L) in solution. q,, (mg/g) repre-
sents the maximum adsorption capacity; k; (L/g) is the Langmuir equi-
librium constant; In Eq. (2), kp (mg'~ (/" L'"/g) and n are the
Freundlich parameters.

The Langmuir and Freundlich parameters (Table S2) show that ad-
sorption of HAg and HAs on surfaces of TiO, NPs is more consistent
with Langmuir fitting, the adsorption of HAs on the surface of TiO,
NTs was more consistent with Freundlich fitting. These results indicate
that adsorption of HAg and HAs on TiO, NPs and HAg on TiO, NTs was
more inclined to be monolayer adsorption. In contrast, HAs adsorbed
on TiO, NTs might favor multilayer adsorption (Zou et al., 2016). The
maximum adsorption amount of HA on the surface of TiO, NMs follows
the order TiO, NPs + HAg (236.05 mg/g) > TiO, NTs + HAg
(146.05 mg/g) > TiO, NTs + HAs (70.66 mg/g) > TiO, NPs + HAg
(37.48 mg/g) (Table S2). It can be seen that the adsorption amount of
HAE was larger than that of HAs on the same kind of TiO, NMs. For the
same kind of HA, the adsorption amount of HAg on the surface of TiO,
NPs was larger than that on TiO, NTs. Consistent with above results,
the adsorption amount of HAs on TiO, NTs was larger.

3.2.3. Adsorption kinetics

Adsorption kinetics is key to understanding and predicting environ-
mental behavior of TiO, NMs in aqueous environments. At pH = 3.0, the
maximum adsorption amount of HAg and HAs on TiO, NPs was reached
after approximately 20 h and declined thereafter. Adsorption reached
steady state after 40 h (Fig. 3a and b). When the pH was 3.0, adsorption
of HAg and HAs on TiO, NTs reached the maximum adsorption amount
after about 24 h (Fig. 3c and d). However, the difference in adsorption
between HAg and HAs on the surfaces of TiO, NMs was large. Maximum
adsorption amount of HA on TiO, NMs can reach 60.7 mg/g (HAg on
TiO, NPs), 28.5 mg/g (HAs on TiO, NPs), 44.0 mg/g (HAg on TiO, NTs),
27.2 mg/g (HAs on TiO, NTs) (Fig. 3), and this order was consistent
with the above research results. The main reason for this phenomenon
may be HA of various sources have different existential state when the
pH was 2.0-3.0, which would cause a difference in ductility and even af-
fect the adsorption rate of HA on surfaces of TiO, NMs.

—o—TiO, NPs + HA |
—o—TiO, NPs + HA

Adsorption percentage (%)

04 (a)

60
—o—TiO, NTs + HA,
ek —o—TiO, NTs + HA

40

Adsorption percentage (%)

T T T T T v T T
3 4 5 6 7 8 9
pH

Fig. 2. Effect of different pH values of solution on the adsorption of different sources of HA (HAg, HAs) on TiO, NPs (a) and TiO, NTs (b).
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Fig. 3. The adsorption amount of HAg (a) and HAs (b) on TiO, NPs, the HAg (c) and HAs (d) on TiO, NTs at different reaction times.

Adsorption kinetic parameters can be determined by measuring the
adsorption rate of HA on TiO, NMs and using the first-order (Eq. (3))
and second-order kinetic equations (Eq. (4)) to produce the fit.

Pseudo-first-order modelq, = q, <1 —e*k”> (3)

Pseudo-second-order modeli = % + 1
q; que qe

4)
where: k; is the rate constant of adsorption (in g/mg/min); g, is the
amount of HA adsorbed by adsorbent at any time (mg/g); q. is equilib-
rium adsorption capacity (mg/g). Initial sorption rate, h, (mg/g/min)
can be defined as follow (Eq. (5)):
ho = k2q,2(t-0) (5)

Both k; and h, can be determined experimentally by plotting of t/q;
against t.

For adsorption of HAg and HAs on TiO, NPs and HAg on TiO, NTs, the
results demonstrate that the fitting using pseudo second-order kinetics
were all better (with a higher R?) than pseudo first-order fitting
(Table S3). This indicates that chemisorption is the main factor affecting
the adsorption rate. For the adsorption of HAs on the surfaces of TiO,
NTs, the fitting effect of pseudo first-order was slightly better than
that of pseudo second-order. This means that both chemical and physi-
cal adsorption processes were involved in the adsorption of HAs on TiO,
NTs. This is consistent with the results of the previous adsorption iso-
therms. From the value of hy, the initial reaction rate of HA adsorption
on the surfaces of two nano-materials follows the order TiO, NPs
+ HAg > TiO, NPs + HAg > TiO, NTs + HAg > TiO, NTs + HAs. The ad-
sorption amount of HAg on the surface of two nano-materials after ad-
sorption equilibrium were larger than that of HAs. The adsorption
amount of HAg on the surface of TiO, NPs was greater than TiO, NTs,

but the result was opposite for HAs. This mainly because the adsorption
experiments were conducted under acidic conditions, the density of the
positive charge on the surface of TiO, NPs was higher than that of TiO,
NTs, thus leading to stronger electrostatic interaction with HA. In addi-
tion, the initial reaction rate of HAg adsorbed on TiO, NMs was always
greater than HAs due to the greater hydrophobicity of HA result in a
greater affinity to TiO, NMs (Erhayem and Sohn, 2014a).

3.3. Sedimentation study

3.3.1. Effect of pH on suspension/sedimentation properties of TiO> NPs

The suspension performance of TiO, NPs in relation to pH followed
the order pH = 9.0> pH = 3.0 > pH = 7.0 > pH = 5.0, while the suspen-
sion performance of TiO, NPs followed the order pH = 9.0 > pH = 7.0
>pH = 5.0 > pH = 3.0 (Fig. 4). This difference might be related to the
respective isoelectric points of TiO, NPs and TiO, NTSs. In this study,
the isoelectric points of TiO, NPs and TiO, NTs were 6.2 and 3.2, respec-
tively. When the solution pH was close to their isoelectric point, the sur-
face potential of the material will be close to zero, and the aggregation
and sedimentation of nanoparticles were likely to occur. This is because
of the electrostatic repulsion effect between the particles weakens and
the intermolecular force increases (Zhang et al., 2009).

As HA adsorbed on the surfaces of TiO, NMs, the suspension perfor-
mance of TiO, NPs and TiO, NTs also increased, particularly in the case
of HAg on TiO, NPs, which was due to adsorption between the TiO,
NMs and the HA is generated through electrostatic interaction, hydro-
phobic interaction, complexation-ligand exchange. When HA adsorbed
on the surface of the TiO, NMs, HA not only increased the density of sur-
face charge but also the energy barrier between particles by steric hin-
drance (Liu et al., 2013), which is consistent with previous studies (Li
et al.,, 2015; Pan and Xing, 2008). Moreover, sphere-like TiO, NPs ag-
glomerates seem to more stable than TiO, NTs with tubular structures
due to spherical structure enhancing steric repulsion (Liu et al., 2013).
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Fig. 4. Suspension/sedimentation of TiO, NPs (a) and TiO, NTs (b) prior to and after HAg adsorbed at different solution pH values.

3.3.2. Effect of adsorption time on suspension/sedimentation performance
of TiO, NMs

The effect of adsorption time on the suspension/sedimentation per-
formance of TiO, NPs and TiO, NTs was studied (Fig. 5). When pH was
3.0, the suspension of TiO, NPs increased from 1 h to 20 h. When the re-
action exceeded 24 h, the suspension property deteriorated and caused
sedimentation. For TiO, NTs, the suspension performance increased
during the initial phase, then waned after 12 h. When the reaction
reached 20 h, there was no significant change in the suspension perfor-
mance of TiO, NTs.

Changes in the suspension/sedimentation performance of TiO, NPs
or TiO, NTs might be driven by the adsorption amount of HAg during re-
action time. As studying the adsorption kinetics of HA on the surface of
TiO, NPs above, the adsorption of HAg on the surface of TiO, NPs was
mainly due to electrostatic interaction in the first 1 h, the negatively
charged HA neutralizes the positive charge on the surface of TiO, NPs,
which leading to TiO, NPs/HA complex aggregate more easily than
TiO, NPs in absence of HA. With more HAg adsorbed on the surface
TiO, NPs by hydrophobic effect and complexation-ligand exchange,
the density of surface charge of the TiO, NPs gradually increased, and
more HA adsorbed on the surface of TiO, NPs would result in stronger
steric hindrance. Therefore, TiO, NPs/HA complex were not easily to ag-
gregate. It is worth noting that the suspension performance of TiO, NPs
decreased when the adsorption time reached 20 h. As shown in Fig. 3a,
when the adsorption time reached 24 h, the adsorption amount of HAg
on the surface of TiO, NPs decreased, this result may lead to a decrease
of the suspension performance of TiO, NPs. For the suspension/sedi-
mentation performance of TiO, NTs/HAg complexes, the surface of

TiO, NTs exhibits positive charges at pH 3.0, the negatively charged
HAE continuously adsorbed on the surface of TiO, NTs, neutralizing its
surface charge. As such, the repulsive force and steric hindrance also in-
creased as more HAg adsorbed on the surface of TiO, NTs, then the sus-
pension performance of nanotubes in aqueous solution increased.
Therefore, the increase of adsorption amount of HA on surface of TiO,
NMs with time would greatly promote stable and suspension of TiO,
NMs under acidic conditions.

3.3.3. Effect of concentrations of HA on the suspension/sedimentation per-
formance of TiO, NPs and TiO, NTs

As shown in Fig. 6, for TiO, NTs, at the solution pH = 6.5, the hydro-
dynamic diameter of TiO, NPs decreased with the increased of HAg con-
centration, the TiO, NPs became difficult to aggregation, and suspended
was maintained. For TiO, NTs, the hydrodynamic diameter increased
slightly with the increase of HAg concentration. When the HAg concen-
tration reached 20 mg/L, the TiO, NTs/HAg complexes settled most
readily, and at 40 mg/L, the particle size of TiO, NTs were relatively
small resulting in a stable suspension. Comparing to TiO, NPs, the sedi-
mentation rate of TiO, NTs was much higher than that of TiO, NPs in the
presence of same HA concentration. This is because the isoelectric point
of TiO, NPs was lower, the adsorption amount of HAg adsorbed on the
surface of TiO, NPs by electrostatic attraction was higher at pH 6.0, so
the density of surface charge of TiO, NPs was larger, and the steric hin-
drance effect of HAg was stronger. Therefore, the sedimentation perfor-
mance of TiO, NTs was greater than TiO, NTs at the same concentration
of HAE
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Fig. 5. Effect of adsorption time on the suspension/sedimentation of TiO, NPs (a) and TiO, NTs (b).
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3.3.4. Effect of sources of HA on the suspension/sedimentation performance
of TiO, NPs and TiO, NTs

There were obvious differences in the chemical composition of HA
obtained from different sources and different extraction methods.
These fatty, aromatic, surface active component and carbohydrate struc-
ture of HA greatly influence the suspension/sedimentation performance
of TiO, NMs (Chowdhury et al., 2012; Loosli et al., 2014), which also af-
fects the migration, transformation and bioavailability of TiO, NMs in
aqueous environments. Therefore, it is crucial to understand the effect
of different sources of HA on the suspension/sedimentation perfor-
mance of TiO, NPs and TiO, NTs.

Both HAg and HAs could improve the suspension performance of
TiO, NMs, with the former having a stronger effect, especially for TiO,
NTs (Fig. 7) due to greater adsorption amount of HAg. Moreover, the dif-
ference in composition between HAg and HAs also contributed towards
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this phenomenon. Table S1 have shown that there was a certain differ-
ence between Aromatic/Aliphatic ratio of HAg (3.125) and HAs (1.069).
Since HAE contains relatively more aromatic compounds, it was more
conducive to TiO, NMs stabilization in solution. This indicates that the
stability of TiO, NMs in HA solution was probably related to the pres-
ence of negatively charged phenolic hydroxyl functional groups. Fur-
thermore, HA with higher aromaticity contains higher proportion of
phenolic hydroxyl carbon, which enhanced the suspension of TiO, NPs
(Li et al., 2015; Lin et al., 2016).

4. Conclusions
Two different morphologies of TiO, NMs (TiO, NPs and TiO, NTs) ex-

hibited different adsorption, aggregation and sedimentation behavior in
the presence of two different sources of HA. The adsorption of HA on the
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Fig. 7. Effect of sources of HA on the suspension/sedimentation performance of TiO, NPs (a) and TiO, NTs (b).
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surfaces of TiO, NMs provides the basis for affecting the aggregation and
sedimentation performance. Adsorption of HA on surface of TiO, NMs
was driven by the combined action of electrostatic action, hydrophobic
action, intermolecular force. The isoelectric point of TiO, NPs was
greater than that of TiO, NTs. Therefore, TiO, NPs had a stronger electro-
static effect on HA adsorption under acidic conditions. Nonetheless, the
adsorption percentage of HAg on TiO, NPs and TiO, NTs were higher
than that of HAs under the same pH condition. The adsorption of HAg
and HAs on TiO, NPs and HAg on TiO, NTs were more inclined to be
monolayer adsorption, TiO, NTs 4+ HAs might prefer multilayer adsorp-
tion. The adsorption of HA on TiO, NMs were better fitting pseudo
second-order kinetics, the chemisorption was the main factor affecting
the adsorption rate. As HA adsorbed on the surface of TiO, NMs, the sus-
pension performance of TiO, NPs and TiO, NTs also increased, the solu-
tion pH, adsorption time, concentration of HA also influenced the
suspension/sedimentation behavior of TiO, NPs and TiO, NTs, and
aromatic-rich HA was found to have a greater stabilizing effect on TiO,
NMs than aliphatic-rich HA.
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Table S1 HAe and HAs compound constitution characteristics, element

constitution and the relative content of each carbon containing group.

Carbon distribution (ppm)

Sample Carbonyl  Carboxyl Aromatic  Acetal Hetero Aliphatic Aliphatic ~ Aromatic/
220-190 190-165  165-110 110-90 90-60 60-0 Aliphatic
HAE 6 18 50 4 6 16 3.125
HAs 6 15 31 7 13 29 1.069
Element constitution % (w/w)
H.0 Ash C H 0] N S P
HAE 8.2 0.88 58.13 3.68 34.08 4.14 0.44 0.24
HAs 20.4 1.04 52.63 4.28 42.04 1.17 0.54 0.013
Acid functional groups (m mol/g)
Carboxyl  Phenolic Q1 LogKi N1 Q2 LogK: N2
HAE 8.28 1.87 8.90 4.36 3.16 0.85 9.80 1.00
HAs 9.13 3.72 9.74 4.35 3.30 4.48 10.44 1.73

Data are reported from international Humic Substances Society (IHSS)



Table S2 Langmuir and Freundlich parameters for HA adsorption on the TiO2

NPs and TiO2 NTs.

Langmuir model

Freundlich model

Samples

qm(mg/g) ki (L/mg) R? n ke (mg!~(/mLYn/q) R?
TiO2 NPs+HAE 236.05 0.04 0.974 1.60 15.97 0.964
TiO2 NPs+HAs 37.48 0.22 0.954 3.89 13.27 0.941
TiO2 NTs+HAE 146.05 0.06 0.902 2.00 17.32 0.868
TiO2 NTs+HAs 70.66 0.41 0.935 4.98 32.97 0.970




Table S3 Pseudo-first-order and Pseudo-second-order model Kinetics Constants

for HA adsorption on the TiO2 NPs and TiO2 NTs.

Pseudo-second-order

Pseudo-first-order

Adsorbed K ho
Qe Iri 2 Qe 2
types - (mg/g'mi R K1 R
g/mg/min) (mg/g) ) (mg/g)
TiO; 0.78
5.60x10 56.14 1.79 0.999 1.45x10% 54.00
NPs+HAEe 2
TiO; 0.65
1.56x10°3 23.95 0.89 0.997 1.16x107? 23.33
NPs+HAs 5
TiO; 0.58
2.84x104 44.38 0.56 0.999 1.88x107? 39.00
NTs+HAE 5
TiO; 0.97
8.3x10° 29.03 0.07 0.985 0.28x107? 25.44
NTs+HAs 6
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Fig. S1. The Zeta potential of TiO2 NPs and TiO2 NTs.
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Fig. S2. Adsorption isotherm of HAe on TiO2 NPs (a), HAs on TiO2 NPs (b), HAe

on TiO2 NTs (c) and HAs on TiO2 NTs (d).

The equilibrium adsorption isotherm data and related isotherm parameters were

fitted using both Langmuir (eq 1) and Freundlich (eq 2) isotherm:

_ dmkiCe
qe - 1+kLCe (1)
Je = kFCel/rl 2)

Where: e is the amount (mg/g) of adsorbed HA at equilibrium and, Ce is the
equilibrium HA concentration (mg/L) in solution. gm (Mg/g) represents the maximum
adsorption capacity; k. (L/g) is the Langmuir equilibrium constant; In Equation 2, kr

(mg'~"™L1"/g) and n are the Freundlich parameters.
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Fig. S3 First-order kinetics of TiO2 NPs to HAE (a) and HAs (b), and TiO2 NTs to

HAE (c) and HAs (d).
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Fig. S4. Second-order kinetics of TiO2 NPs to HAE (a) and HAs (b), and TiO2

NTs to HAE (c) and HAs (d).

These fitted equations are shown in Equations 3-5. The fitting results are

depicted in Figure S3 and S4, the relevant kinetic parameters are displayed in Table

S3.

Pseudo-first-order kinetic models:
qe = q.(1 —e™5at) ©)
Pseudo-second-order kinetic models:

t 1 1
L 4
¢ K2q%  qe ( )

Where e is the amount of adsorbate at equilibrium (mg/g); q: is the amount of

adsorbate (mg/g) at time t (min); and Ki (min™!) and Kz (g mg/min) are the rate



constants for the pseudo first-order and pseudo second-order sorption, respectively.
Initial sorption rate, ho (mg/g/min) can be defined (Equation 5). Kz and h, can be
extracted from the slope and intercept of a straight line obtained by mapping of t/q

and t.

hy = K,qZ (t = 0) (5)
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