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Abstract Natural organicmatter (NOM) has considerable influence on the aggregation and stability

of titanium dioxide nanoparticles (TiO2 NPs). However, the effect of chemical properties of NOMon

the interface interaction and the aggregation process is still not clear. In this study, we investigated the

effects of two typical types of NOM (fulvic acid (FA) and humic acid (HA)) on its adsorption onto

TiO2 nanoparticles and their aggregation behavior in aqueous phase. Nuclear Magnetic Resonance

(NMR) was used to study their functional groups, indicating that HA has a stronger hydrophobicity

than FA. The presence of HA or FA lowered the critical coagulation concentration (CCC) of TiO2

NPs,while FA showed amore significant effect.HApromotes the aggregation ofTiO2NPswhen ionic

strength (IS) > CCC, which was likely due to the bridging effect. Contact angle measurements indi-

cate that HA has higher hydrophobic properties than FA, and it is easier to transfer fromwater to the

surface of TiO2 NPs. Transmission ElectronMicroscopy (TEM) was applied to investigate the aggre-

gate formation and colloid interfacemorphology ofNOM-coated-TiO2NPs andNOMentanglement.

Different structures of HA and FA result in various behavior and their interface interaction mecha-

nisms including IS-induced entanglement and NOM/IS bridging.
� 2016 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

TiO2 nanoparticles (NPs) have been widely used in commercial
applications, including cosmetic additives, environmental cata-

lysts, solar cells, memory devices and food colorants [1,2].
Through various pathways, these NPs could be released into
the aqueous environments [3], which would lead to the expo-

sure of the organisms [4]. With the possible physical–chemical
transformation and bioaccumulation in the environments,
TiO2 NPs further pose threats to human health and ecosystems
[1,4,5]. Another study also indicated that large amounts of

TiO2 NPs (100–3000 lg/L) in the influent of sewage treatment
plant would cause adverse impact on the urban sewage treat-
ment system and sludge disposal [6].

Previous studies suggested that the aggregation process had
a significant impact on NPs’ physicochemical properties, such
as the particle size, surface properties and their migration,

transformation and toxicity in aqueous environments [7,8].
As reported [9], the presence of NOM as well as the IS and
pH of solution has influence on the stability and aggregation

of metal oxide NPs (TiO2, CeO2 and ZnO), with results show-
ing that the aggregation and sedimentation of NPs were easily
facilitated at pH values near the point of zero charge (pHpzc),
high IS and the presence of a low total organic carbon (TOC).

In addition, these factors have effects on the removal of TiO2

NPs by coagulation or porous media [10–12]. Particularly, the
adsorption of NOM onto the surface of nanoparticles could

lead to surface coating and modification, which would eventu-
ally change its properties such as hydrophobicity and surface
charge [13]. Study indicated that the molecular weight (Mw)

distribution and chemical properties of NOM significantly
affect the aggregation of gold NPs [14]. Many studies focused
on NOM adsorption onto the TiO2 NPs’ surface and the

effects on the stability of TiO2 NPs under different IS and
pH [13,15–17]. Indeed, IS could compress electrical double
layer of the TiO2 NPs and form cationic bridges [18,19]. Some
researchers have noticed the entanglement of NOM and its

influence on the aggregation of NPs [14,20,21]. However, the
influences of the structural properties of NOM on its entangle-
ment mechanism were ignored.

In the aqueous environments, HA and FA are two common
NOM with different Mws and functional groups. Recently,
several studies investigated the adsorption of HA and FA onto

the NPs’ surface and its steric hindrance effect [22–25]. The
types and amounts of HA and FA adsorbed onto the surface
of TiO2 NPs could affect the aggregation of TiO2 NPs [16].
In addition, NOM adsorption onto the surface of TiO2 NPs

would change the hydrophilic–hydrophobic properties of the
system [26,27]. However, the effects of the Mw and properties
of NOM as well as the interface interaction mechanism on

TiO2 NPs aggregation process are not well understood.
In this study, the effects of HA and FA on the aggregation

of TiO2 NPs were systematically studied. It was found that the

adsorption of NOM onto the surface of TiO2 NPs was
influenced by the hydrophilicity–hydrophobicity of the
TiO2-NOM system, which was measured by contact angle.

In addition, the entanglement of NOM at different ionic
strength (IS) was observed by Transmission Electron
Microscopy (TEM). The mechanism of the interface interac-
tion between TiO2 NPs and HA or FA was proposed.

2. Materials and methods

2.1. TiO2 NPs

TiO2 NPs (rutile) were purchased from Sigma–Aldrich Trad-
ing Co., Ltd. (Shanghai, China). The BET surface area was

determined to be 26.76 ± 0.16 m2/g by N2 adsorption (Table.
S1). The size and shape of TiO2 NPs were characterized by
TEM (Fig. S1) to be diameter � length = 10 nm � 40 nm.

We also measured the hydrated size of TiO2 NPs by a Malvern
Zetasizer (Nano ZS 90, UK). The average hydrodynamic
diameter of the TiO2 NPs was 195.4 nm (Fig. S2). TiO2 NPs
were added into Millipore water (Millipore, 18.2 MX cm,

TOC< 2 ppb) to achieve 0.4 g/L stock suspension. The stock
suspension of TiO2 NPs was sonicated for 20 min [28] and the
fresh stock was prepared daily.

2.2. Characterization of HA and FA

Suwannee River humic acid standard (Cat. No. 2S101H) and

fulvic acid standard (Cat. No. 1S101F) were purchased from
the International Humic Substances Society (IHSS). The HA
and FA were added into Millipore water to achieve 400 mg/L

and the pH was adjusted to 11 by adding 0.01 mol/L and
0.1 mol/L NaOH. The suspensions were stirred for 24 h to
ensure complete dissolution and then centrifugated at
8000 rpm for 6 min and filtered by 0.22 lm filter membrane

to remove the insoluble materials. The stock solutions were
stored under 5 �C. The TOC of the HA and FA was measured
by a Shimadzu TOC V-CPN. The TOC concentrations are

about 4.19 ± 0.10 mg/L and 4.60 ± 0.10 mg/L for HA and
FA respectively, whose mass concentrations are both 10 mg/L.

After adjusted to pH = 8.0 and filtered using 0.22 lm filter

membrane, the average Mw and distribution of HA and FA
were measured by gel permeation chromatography (GPC)
method on a high performance liquid chromatography
(HPSEC 2695 Waters, USA) system coupled with an UV/Vis

Detector Waters (2489 Waters, USA) and Total organic car-
bon analyzer (Sievers 900 Turbo GE, USA), following the pre-
vious reported method [29]. Zeta potential was measured

through Malvern Zetasizer (Nano ZS 90, UK). The structure
and functional groups of HA and FA stock suspensions were
characterized by Nuclear Magnetic Resonance (NMR, DMX

500) technique. Fourier transform infrared attenuated total
reflectance (FTIR/ATR, Bruker-Vector 22) spectrometer
equipped with a germanium crystal was used to determine

the functional groups of HA and FA stock solutions. The
background spectra were recorded in air.

2.3. Adsorption experiment

Generally, 10 mg/L of HA or FA solutions were added to
50 mL centrifuge tubes. To study the adsorption effect of
HA or FA onto the surface of TiO2 NPs, 100 mg/L TiO2

NPs suspension was added to the HA/FA solution. To
investigate the influence of IS on HA and FA, IS was pro-
vided by CaCl2 stock solution (0–50 mmol/L) in the absence

of TiO2 NPs. 0.01 mol/L and 0.10 mol/L NaOH were used
to adjust pH to 8 ± 0.05. The total volume was 20 mL
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