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Abstract The paper is devoted to the use of car-

boxylic acids and salts for the elaboration of stable

suspensions of ZnO engineered nanoparticles (40 and

200 nm) in physiological media at pH 6–8. It was shown

that the aggregation degree of ZnO-200 particles

increases with the growth of carboxylic anion activity,

e.g., at pH 7 in the row «Acetate-–Citrate3-–Ox-

alate2-» the average size of ZnO-200 particles in

suspensions amounts to «169–523–770» nm, zeta po-

tential–«35.9–-19.9–?5.42 mV», respectively. The

aggregation degree of ZnO-40 particles increases in

the row «Citrate3-–Acetate-–Oxalate2-», at pH 7, the

average size of ZnO-40 particles in suspension amounts

to «50–121–430» nm, zeta potential–«-28.3–-14.5–

?2.3» mV, respectively. pH-impact was found to be

size-dependent: there was a significantly less effect of

pH on adsorption, dispersion, and electrokinetic prop-

erties of ZnO-40 particles when compared to ZnO-200

particles. The main reason for the difference between

micro- and nanosized particles behavior is a change of

the ratio of acidic, basic, and neutral Bronsted centers

for particles of nanosized scale.

Keywords Nanoparticles � Zinc oxide � Carboxyl

groups � Nanoparticles aggregation � Acid–base
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Introduction

Among all metal-containing nanoparticles, the zinc

oxide has the third biggest global output after SiO2 and

TiO2 (550 ton/year) (Piccinno et al. 2012). Zinc

nanoparticles are used in the chemical technology

(Hasanzadeh et al. 2012), medicine, and biotech-

nology (Chibber et al. 2013; Zhang et al. 2007; Barnes

et al. 2013), in the cosmetic and paint and varnish

industries (Fan and Lu 2005; Serpone et al. 2007), and

in the semiconductor and sensor manufacturing pro-

cesses (Singh et al. 2013; Yuzhen et al. 2006; Morkoc

et al. 1994; Suchea et al. 2006). The constantly

growing output of ZnO causes the growth in the

number of nanoparticles emission sources, including

the ones into the working air, which leads to their

direct contact with a human body (Kolesnikov et al.

2013) and the environment (Ma et al. 2013).
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Various scientists have shown that after getting into

the respiratory tract, ZnO nanoparticles suppress the

phagocytic function of alveolar macrophages, thus

causing acute immunodeficiency (Liu et al. 2013),

induce cellular apoptosis which leads to tissues

destruction (Zhang et al. 2012), and cause the damage

of cell membranes as a result of oxidative stress

(Huang et al. 2010). Therefore, nowadays, nanopar-

ticles are viewed as pollutants of a new type with

unknown toxic doses (Boverhof and David 2010); the

mechanisms of their biological action are insufficient-

ly explored.

At the same time, in order to perform biological tests

of nanomaterials in ecotoxicology, it is necessary to

make stable nanoparticles suspensions, as their disper-

sity changes much more significantly upon getting in

the aquatic environment than the dispersity of micron-

sized particles (Buffle 2006). Moreover, nanoparticles

suspensions are unstable: their high reactivity pro-

motes dissolution, coagulation, and sedimentation of

particles, which impedes the processes of nanoparti-

cles dispersion and their delivery to test organisms

(Römer et al. 2011; Farre et al. 2009; Krug 2008).

The nature of a selected solvent is one of the most

important criteria of assessing its acceptability. By

adding specially selected electrolytes and surfactants,

it is possible to effectively maintain the dispersity of

suspensions in the physiological environment with a

complex composition for a long period of time (Farre

et al. 2009). For instance, the lethal dose of fullerenes

decreases four times (!) with tetrahydrofuran, which is

one of the most efficient fullerene stabilizers (Zhu

et al. 2006). Therefore, the search for efficient and

non-toxic nanoparticles stabilizers is an urgent nan-

otoxicology task.

One of the effective nanoparticles stabilizers is

carboxylic acids. It has been demonstrated that under

certain conditions they are capable of decreasing the

coagulation of gold (Jiang et al. 2009; Ghosh 2010),

aluminum oxide (Hidber et al. 1996), platinum

(Ershov 2001), aluminum (Karepina et al. 2013),

silver (Prathna et al. 2011), and other nanoparticles.

As stabilizers, carboxylic acids are capable of

performing the function of surfactants by means of

adsorbing on a particle and creating a structural-

mechanical barrier, and the function of an electrolyte

by making an electrostatic barrier due to the disso-

ciation of functional groups (Birdi 2008). The stabi-

lizing function of carboxylic acids and their salts

significantly depends on the solution pH, apart from

the nature of the substances that constitute the

suspension. Despite the fact that carboxylic acids are

widely used as stabilizers, the possibility of their usage

for making suspensions based on industrial powders is

not sufficiently explored.

The purpose of the work is to evaluate the influence

of the nature of carboxylic acid-based surfactants and

their salts on the stability of ZnO nanoparticles suspen-

sions in a physiological solution with different pH.

Materials and methods

The objects of research

Industrial nanopowders

The nanoparticles of ZnO with the average particle

size of 40 and 200 nm were supplied by Nanostruc-

tured & Amorphous Materials, Inc., USA, and Empils

Zinc, Inc., Russian Federation, respectively. Both

types of nanoparticles were obtained by plasmo-

chemical synthesis. The nanopowders were kept in

closed containers without moisture access.

Preparation of suspensions and dispersion

of particles

Environment for the dispersion of nanoparticles

As a solvent, the 10-2 M HEPES aqueous buffer

solution (2-[4-(2-hydroxyethy l)-1-piperazinyl]

ethanesulfonic acid) (manufacturer: Biological Indus-

tries) was chosen. HEPES is an environmentally safe

solvent (Hanitzsch and Küppers 2001) and is widely

used in biochemical and ecotoxicological research

(Good et al. 1966). The buffer solution was prepared

on the basis of distilled water in glassware (the

Gesellschaft Labortechnik mbH, D-30938 distiller) at

the temperature of 25 �C. The prepared solution was

left for 24 h, with the pH amounting to 5.52–5.81. For

the purpose of the research, the solutions with the pH

equaling 6, 6.5, 7, 7.5, and 8 were used. The pH of the

buffer solution was gradated using acid–base titration

by 2 % NaOH and HNO3 solutions, constantly stirred

with a magnetic stirrer (the Heidolph MR Hei-Tec

stirrer, the frequency of 200 cycles per second). The

value of the pH was registered using the all-purpose
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Expert-001 pH indicator (Electronics Expert Ltd.,

Russia).

Carboxylate-anion solutions

The following sodium salts of carboxylic acids were

used as nanoparticles stabilizers in the aquatic disper-

sion environment: sodium acetate (NaCH3COO,

NaAc, Acetate-), sodium oxalate (Na2C2O4, Na2Ox,

Oxalate2-), and sodium citrate [Na3C3H5O(COO)3

Na3Cit, Citrate3-].

All surfactants are the key components of intercel-

lular, intracellular, and physiological fluids (Marques

et al. 2011) and are not toxic. The surfactant stock

solution was prepared on the basis of distilled water

(pH 6.11 ± 0.2; 0.2 mcS conductivity); the surfactant

concentration in the solution corresponded to the ionic

strength (I) of 100 mM. Using the dilution method, a

10 mM solution was prepared from the stock solution.

In order to study the nanoparticles aggregation in

surfactant solutions with different pH, the dilution of

the stock aqueous surfactant solution was performed

using the buffer with the necessary pH value.

Preparation of nanoparticles suspensions

The stock suspension of nanoparticles had the

100 mM concentration. The stock suspension was

prepared by adding a dry powder sample (the AND

GR-202 scales, ±0.0001 g, A&D Co Ltd., Japan) to

the HEPES aqueous solution with pH 7 in glassware at

the temperature of 25 �C and stirred with the magnetic

stirrer (Heidolph MR Hei-Tec) at the frequency of

620 cycles per minute during 3 min (the magnetic

stirring component size of 5 9 10 mm). Each time the

stock suspension was prepared directly before the

experiment.

We added 5 ml of the fresh made stock suspension

to the 25 ml of the prepared solutions with the

necessary surfactant content and the set value of the

pH for nanoparticles dispersion. The measurements

were being taken during 2 h, after which the suspen-

sions were utilized and not used for the research.

Suspensions research techniques

The pH monitoring technique was used to evaluate

the integral acidity of nanoparticles surface in the

suspensions prepared on the basis of deionized water

(pH 6.11 ± 0.2, 0.2 mcS conductivity). We poured

the 0.8 g powder sample with deionized water, and

then the pH in the suspension was measured while

constantly stirred with the automatic DL-15 potentio-

metric titrator (Mettler Toledo GmbH) using the silver

chloride electrode DG 115-SC. The reliability of the

pH evaluation in a solid body suspension was 90 %,

the error—0.05 pH unit.

The value of the suspension pH measurement

during the first 5–10 s of the samples’ contacts with

water (DpH = H10 - pH0) provides information

about the air-dry surface condition under which the

interaction in the sample-solvent system is represented

by dissociation of the surface groups due to the mutual

strengths of their fields.

The Hammett indicator adsorption technique was

used to differentiate the acid–base surface centers. A

0.02 g sample was put into a 5-ml test tube, then added

the necessary indicator volume with a certain pRa

value, made up to the volume by deionized water and

kept for 2 h until the equilibrium was established. At

the same time, we were performing a blank ex-

periment taking into account the influence of the

sample’s interaction with the solvent on the optical

density measurement in the process of dye adsorption.

After the sorption, the solutions were centrifuged,

decanted, and the optical density was measured in

relation to the solvent (water). Deionized water was

used as a dispersion environment. The research in the

aqueous suspension allows the analysis in the condi-

tions of maximum surface hydration, whichare com-

mon for the surface of samples of any kind, regardless

of the way of their preliminary preparation. Degassing

and surface cleaning from organic sorbates also take

place in the process of hydration.

Dynamic light scattering technique

The aggregative stability of lyosols and suspensions

was evaluated based on the measurement of dispersive

and electrokinetic particle parameters in the liquid

dispersion environment. The measurements were

taken using the Zetasizer Nano laser particle analyzer

(Malvern, USA) at the temperature of 25 �C (the

helium–neon laser, 4 mV laser power, 633 nm wave

length). A rectangular polystyrene cuvette with a lid

was used for measuring the quantitative particle size

distribution. A U-shaped polystyrene cuvette was used
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for measuring the zeta potential. The quantitative

particle size distribution was used to calculate the

average particle size (dav) according to the formula:

dav ¼
X

d
q %ð Þ

100 %ð Þ;

where d represents the particle size in dispersion, q—

the differential percent of particles with size d in the

dispersion.

Results and discussion

The surfactants’ influence was assessed by studying

the adsorption, electrokinetic, and dispersive proper-

ties of the investigated samples in aqueous solutions

with different pH values. The pH interval 6–8 was used

as an operating range of pH solutions with carboxylic

acids used as a stabilizer. There are two reasons for this

choice. The first one is the pH values that are the closest

to the pH of most physiological fluids. Second, with the

pH \ 5, the whole undissociated molecules of car-

boxylic acids may adsorb on the particle surface,

which can lead to the neutralization of the charge and

decrease the particle stability. With pH [ 8.5, a

negatively charged carboxylate-anion can shift to the

interfacial area only being accompanied by a positive-

ly charged ion (Na?), which provokes competition for

carboxylate-anion adsorption.

According to the experimental data, aquatic sus-

pensions of the investigated nanoparticles are charac-

terized by the increase of the pH (Fig. 1), which

indicates the increase in the main aprotic centers

number on the particles surface. With the reduction of

the particle size from 200 to 40 nm, the rate of the

adsorptive–desorbing equilibrium establishment (H?

ions adsorption) increases from 0.06 to 0.35 pH items

per second. At this stage of the research, this can be

explained by the fact that smaller particles hydrate

more easily due to the surface atoms activity. In case

of 200 nm particles, the H? ions adsorption stage is

preceded by a longer process of active adsorption

centers formation.

However, according to the Hammett color indicator

adsorption technique data, there can exist a different

explanation. The results of this method allow to

evaluate the adsorptive capacity of the particles and

single out the neutral (pKa & 7; Zn–OHd� type), basic

(pKa \ 7; Zn—Od- type), and acid (pKa [ 7; Zn—

OHd? type) Brønsted centers on the samples surface.

The influence of the environment pH on the electro-

surface properties and the aggregative stability of

suspensions is discussed by analyzing the reactions of

acid–base interaction of water molecules with basic

and acid surface functional groups:

�Zn��OHþ $ �Zn��OHþ HþðK1Þ;

�Zn��OHo $ �Zn��O� þ HþðK2Þ;

where Zn–OHd? is the group that appears on the

surface due to the H? hydrogen ions adsorption from

the liquid bulk phase; Zn–OHd� is the neutral surface

hydroxyl group; Zn—Od- is the group that appears on

the zinc oxide surface due to the hydroxyl group

dissociation and the transition of H? hydrogen ions

into the solution; K1 and K2 are the acidity and basicity

constants of the surface hydroxyl groups. Such

analysis implies the point of zero charge that is
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Fig. 1 pH alteration in

aquatic suspensions of ZnO-

40 nanoparticles and ZnO-

200 ultrafine particles (the

powder content in the

suspension is 1.96 wt%, the

pH monitoring technique)
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established provided equal concentration of the

charged –Zn—OH? and –Zn—O- surface groups

and corresponds to the environment pH, i.e.

pH0 ¼ 0:5 pK1 þ pK2ð Þ:

There are two main differences between particles of

different sizes in the selected pH interval (Fig. 2).

First, the ZnO-40 particles surface contains mostly

Zn—OHd� centers, while the ZnO-200 particles

contain Zn—OHd? centers. This result is confirmed

by the zeta-potential measurement data (Fig. 3).

Indeed, smaller particles have a smaller surface charge

that decreases to neutral with pH 8; the point of zero

charge for the ZnO-200 particles in the selected pH

interval is not registered. Second, if we compare the

diagrams (Fig. 2a, b), we can notice that the sorption

capacity of ZnO-40 particles is much smaller than the

one of ZnO-200 particles. In this case, the result is

quite natural, since the surface of 40 nm particles does

not have enough charged centers.

This result can be confirmed by the evaluation of

the pH influence on the particles size alteration.

Particles are characterized by a high degree of

aggregation after getting into the HEPES buffer

solutions. Figure 4 shows that the dav size for ZnO-

40 particles is increased four times as compared to the

original one, with the environment pH in the working

interval not influencing the aggregation degree sig-

nificantly. For ZnO-200 particles, the size of aggre-

gates preserved with pH 6–7; any further increase of

the OH- groups concentration leads to a strong

particle aggregation (dav increases from 155 to

816 nm).

The electrokinetic measurements confirm the ten-

dency to the intensification of the aggregation for the

ZnO-40 powder, where the zeta potential of particles

decreases from 15.3 to 0.9 mV with the increase of the

pH from 6 to 8. For larger ZnO-200 particles, the pH

dependence of the electrokinetic potential is weak and

its values fluctuate in the interval of 34–38 mV, with

the thickest adsorption layer of the particles registered

for the suspensions with pH 6.5 (39 mV zeta potential)

(Fig. 3). This agrees with the results of the data

obtained by means of the Hammett color indicator

adsorption technique, according to which the ZnO-200

particles have the highest sorption activity in this area.

Fig. 2 Adsorption centers distribution on the surface of ZnO-40 nanoparticles (a) and ZnO-200 ultrafine particles (b)
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Fig. 3 Size alteration of ZnO-40 nanoparticles and ZnO-200

ultrafine particles in the buffer with a different pH value
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Fig. 4 Zeta-potential alteration of ZnO-40 nanoparticles and

ZnO-200 ultrafine particles in the buffer with a different pH

value

J Nanopart Res (2015) 17:123 Page 5 of 8 123

123



On the whole, we can note that suspensions based

on ZnO-40 nanoparticles for which the zeta potential

does not exceed 10–15 mV in module have a low

aggregative stability. Such systems will coagulate in a

very short period of time.

The addition of surfactants to zinc oxide suspen-

sions may cause both their stabilization and their

aggregation. The use of sodium acetate and sodium

citrate leads to the decrease of the particles aggrega-

tion degree (Figs. 5, 7), while oxalate anions, on the

contrary, cause stronger particle aggregation as com-

pared to a surfactant free solution. On the whole, with

the pH 6–8, the aggregation degree increases with the

growth of the carboxylate-anion activity. For instance,

with the pH 7, dav amounts to ‘‘169–523–770 nm’’ in

the ‘‘NaAc–Na3Cit–Na2Ox’’ row (Fig. 5). At the same

time, the stabilizing action of surfactants is more

significant for smaller zinc oxide particles (Fig. 7).

This result is quite natural, since the stabilizers used in

the course of our work are anionic surfactants, and the

zinc oxide surface is charged either positively (ZnO-

200) or neutrally (ZnO-40) (Fig. 6).

By comparing these data to the results of the zeta-

potential measurement, we can notice that the selected

surfactants are ineffective electrolyte stabilizers for ZnO-

200 particles: NaAc does not change the zeta-potential

value (Fig. 6), there is a significant zeta-potential

decrease in the Na2Ox solution. There is also particle

charge permutation in the Na3Cit solution; its value is

minimum with the pH 8, which is essential for a stable

suspension (30 mV). Introducing of stabilizers decreases

the influence of the pH on the aggregative stability of

ZnO-200 particles. This is because there is no surface

charge permutation in the process of anions adsorption.

The most significant influence of the pH on the zeta-

potential value may be observed for ZnO particles with

Na3Cit used as a stabilizer (Figs. 6, 8). In this case, this

can be due to a partial solubility of zinc oxide in citric acid

solutions (Yunda and Godymchuk 2012).
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Conclusions

The experimental data allowed to conclude that with

the reduction of the ZnO particle size from 200 to

40 nm in the pH interval 6–8, the influence of acidity

on absorption and dispersion properties of ZnO

particles weakens significantly, but the influence on

the electrokinetic properties increases. The surface

hydratability increases with the size reduction, and the

ratio between the acid, basic, and neutral Brønsted

centers alters with the transit to the nano-scale. In the

selected pH interval, the ZnO-40 particles surface

contains mostly Zn—OHd� centers, while the ZnO-

200 particles contain Zn—OHd? centers. Since the

surface of 40 nm particles does not have enough

charged centers, their sorption capacity in the HEPES

buffer and their charge decrease. The use of only

HEPES buffer for dispersion without the addition of

surfactants at pH 6–7 is limited by a low zeta-potential

value (B10 mV).

It has been stated that the most favorable dispersion

conditions for ZnO particles with the average size of

40 nm are the addition of sodium acetate and sodium

citrate into the HEPES buffer with pH 7–8: the stable

suspensions the absolute zeta-potential value of which

exceeds 28 mV are formed, and the conditions allow

maintaining the dispersity of the suspensions within

the 50–90 nm interval.

The maximum dispersion degree for Zn-200 parti-

cles suspensions with the average particle size of

150–400 nm is achieved by adding sodium acetate in

the neutral medium (pH 7): the zeta potential of

35.9 mV, the average particle size of 170 nm.

For both suspensions, it is vital to take into account

that deviation from the pH interval of 6–8 may cause

samples dissolution.

The approaches described in the paper may be

used for the development of oxide nanoparticles

aggregative-stable suspensions compositions. From

the point of view of practicability, the systems, in

which it is possible to disperse nanoparticles using

the suggested way, may be used for toxicological

tests, preparation of aggregative-stable bactericidal

suspensions, etc. While preparing stable suspensions,

it is vital to take into account that it is almost

impossible to predict the impact of stabilizers on

small particles without some experimental investi-

gation of the state of their surface.
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