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Abstract: The unique properties of ZnO nanoparticles have attracted scientists’ interest to produce on
a large-scale. Household items, cosmetics, consumer products, and electric sensors are some products
that utilize these ZnO nanomaterials. Eventually, ZnO nanoparticles will be released into the
environment in various ways. Once released, ZnO nanoparticles would dissociate into Zn®* ions, which
are toxic to aquatic organisms. The presence of humic acid and exposure to sunlight could affect the
dissolution of ZnO nanoparticles. Two sizes of commercial ZnO nanoparticles (< 50 nm and < 100 nm)
were chosen to study the influence of humic acid and sunlight on the dissolution. In the presence of
humic acid, the dissolution of both sizes is higher, with 67 % and 39 % Zn?* dissolved for < 50 nm and
< 100 nm, respectively. The concentration of Zn?* ions seems to be consistent or stable when exposed
to sunlight. However, the humic acid enhanced the release of Zn?* ions. Langmuir isotherm model best
fitted for the humic acid's sorption onto the ZnO nanoparticles with the process been favorable.
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1. Introduction

Applications of nanotechnology in daily usage are already well known [1-6]. To date,
nanomaterials’ production has become more rapid and on a large scale by years, which
consequently increased the amount released to the environment [7-10]. For instance, nanoscale
materials’ production is expected to exceed $125 billion by 2024 [11]. These nanoscale metal
oxides exhibit unique physical and chemical properties essential for their applications [12-14].
For example, zinc oxide and titanium dioxide were used in cosmetic and sunscreen products
due to their ability to absorb UV light [15-16] and antibacterial activity [17-19]. ZnO and TiO2
nanoparticles were also widely used as catalysts in water treatment [20], removing pollutants
such as dye and humic acid [21-22].

Climate change and hydrological processes could affect the biodegradable activity of
dead plants, determining the concentration of organic matter released into the aquatic
ecosystem. According to [23], natural organic matters are present in almost all aquatics
ecosystems. The concentration is ranging from 0.1 — 10.0 ppm depending on biogeochemical
conditions and climate. Natural organic matter consists of fractions of humic substances such
https://biointerfaceresearch.com/ 11256
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as high molecular weight organic molecules (humic acid), soluble in water at pH >2; humin,
insoluble in all pH, and fulvic acid, soluble in all pH [24-25]. However, these organic molecules
contain a high abundance of functional groups such as phenolic, carboxylic, hydroxyl, amine,
and quinine groups [26], which bind to metal oxide surfaces in water to enhance their mobility.
Similarly, the presence of humic acid (HA) can react with chlorine in the water to produce by-
products such as trihalomethane, a carcinogenic substance [27]. In agueous suspension, any
metal oxide nanoparticles have surface sites that are protonated or deprotonated, depending on
the pH value. According to [7,28-29], the adsorption of natural organic matter affecting the
surface speciation and net charge of the particles influences their stability, determining their
fate, transport, behavior, and bioavailability. Functional groups’ presence in the HA structure
gave a strong affinity for metal cations, leading to complexation with metal cations [26].

ZnO nanoparticles are preferred to TiO2 because both have similar catalytic properties
of a semiconductor. However, ZnO exhibits higher electron mobility and a longer photo-
generated electron lifetime than TiOz2 in the degradation of dyes [30]. ZnO nanoparticles can
also undergo excitation at room temperature under low excitation energy and absorb a larger
fraction of the solar spectrum than TiO2 [31]. Also, in large scale operations, ZnO nanoparticles
are low cost, non-toxic, and biocompatible [32]. According to [33], most semiconductors
release metal ions during photocatalysis, which poses secondary pollution as well as their
interaction with other pollutants. Even though sunlight enhances the photocatalytic properties,
it is a concern whether ZnO's properties in the presence of sunlight might enhance the
ecological toxicity by releasing more zinc ions under natural environmental conditions [34].
There are fewer reports on the effects of natural sunlight and HA on ZnO nanoparticles’
behavior in an aqueous environment [35-39]. Therefore, this study aimed to investigate the
influence of HA and natural sunlight on ZnO nanoparticles' behavior in the aquatic
environment.

2. Materials and Methods

2.1. Chemicals.

In this study, zinc oxide (ZnO) nanoparticles of different sizes (< 50 nm and < 100 nm)
were obtained from Sigma-Aldrich. On the other hand, HA used in this experiment was
purchased from Sigma-Aldrich, Switzerland. Sodium hydroxide (NaOH; Amresco, Ohio) and
nitric acid (HNOgs; Fisher Chemicals) of concentration 1.0 M were used to adjust sample
solutions’ pH. Changes in pH were measured using Martini Instruments (Model Mi 150) pH
meter. Deionized water was used to prepare solutions, and analytical reagent grade chemicals
are used without purification.

2.2. ZnO nanoparticles size distribution.

The particle size distribution of ZnO nanoparticle samples was analyzed using
Transmission Electron Microscopy (TEM) (JEOL model JEM — 1230) using the modified
preparation procedure based on previous studies [40]. Briefly, the ZnO nanoparticles stock
solution was sonicated for 30 minutes to ensure better dispersion among aggregated particles.
About 15 pL sample solutions were dropped onto coated copper grids and left to dry overnight
before viewed under TEM.
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2.3. Humic acid (HA) preparation.

Preparation of HA adopted the method reported by [41], with some modifications. A
stock solution of humic acid (100 mg/L) was prepared by dissolving a calculated amount in an
alkaline solution (pH 9) to enable efficient dissolution [42]. From the stock, 10 mg/L solutions
were prepared, and the pH was adjusted using HCI and NaOH solutions. The content was
stirred on an electric hotplate magnetic stirrer (Fisherbrand) for 24 hours. Diluted solutions of
the HA of different concentrations were prepared and analyzed using UV/ Visible
spectrophotometer (UV-1800 SHIMADZU) at a wavelength of 254 nm [43]. A calibration
curve was determined using standardized HA solutions as reported by [44] with a slight
modification in the procedure. All stock solution was kept in the fridge and out of light source
when not in use.

2.4. Adsorption study.

To understand HA's adsorption behaviors on the surface of ZnO nanoparticles, < 100
nm ZnO was chosen instead of the < 50 nm ZnO samples to avoid total dissolution at lower
pH. 5 mg of ZnO powder was added to 5 mg/L of HA solution of different pH (1, 3, 5, 7, 9,
11) and stirred at 150 rpm for 24 hours. After the 24-hour equilibrium, each suspension was
filtered using 0.45 um filter paper to remove bigger particulates. The filtrates were analyzed
using UV/ Visible spectrophotometer and Atomic Absorption Spectrometer (AAS) for residual
concentrations. The amount adsorbed, Q (mg/kg), was calculated using the formula reported
by [45]:

Co— CplV

Q=5

where;

Coand C; (mg/L) is the liquid-phase concentrations of HA at initial and at any given time,
respectively. V (L) is the solution's volume, and w (kg) is the mass of ZnO nanoparticles. The
adsorption equilibrium data obtained from the study were analyzed using Langmuir and
Freundlich's isotherm models reported by [46] in equations 2 and 4.

1)

roted Covd @)
where,

Ce — equilibrium concentration, mg/g, ge — amount absorbed at equilibrium, mg/g, Qo, and K —
Langmuir constants relating to adsorption capacity and energy of adsorption, which was
determined from the slope and intercept of the linear plot of Ce/ge Vs. Ce.

The essential features of a Langmuir isotherm can be expressed in terms of a dimensionless
constant separation factor or equilibrium parameter, Rv, that is used to predict if an adsorption
system is “favorable” or “unfavorable”. The separation factor, RL is defined by [47] and

represented with the Equation:

1
R, = 1+KC, (3)
where,
Co — sorbate concentration, mg/l, K — Langmuir adsorption equilibrium constant, L/g. The
isotherm is unfavorable when R.>1, the isotherm is linear when RL=1, the isotherm is favorable

when 0<RL<1, and the isotherm is irreversible when R.=0 [48].

logq, = logK; + %log C. 4)
where,
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ge — amount adsorbed at equilibrium, mg/g, Ce — equilibrium concentration, mg/l, Kr, and n —
Freundlich model constants. These constants can be obtained from the slope and intercept of
the plot of log ge against log Ce.

2.5. Sunlight irradiation experiments.

The 0.2 g/l ZnO nanoparticles stock solution was prepared by dissolving ZnO
nanoparticles powder in deionized water. The solution was sonicated for 30 minutes to get a
better dispersion of particles.

To study the dissolution of ZnO nanoparticles influenced by sunlight in the presence
and absence of humic acid, 0.2 g/L stock solution of ZnO was prepared according to the method
reported by [35,49]. A 50 ml volume of each of the ZnO stock solution and 50 ml of 100 mg/L
HA solutions were sonicated for 10 minutes using Ney ULTRAsonik (20 KHz; 200 W/L)
before adjusting the solution pH to the desired value. Samples were prepared by using a range
of solution conditions: pH 1 — 9; ionic strength (I) 0 — 5 mM. A concentration of 1.0 M NaCl
was used to adjust the ionic strength of the solutions. The pH value was measured using Martini
Instruments (Model Mi 150) pH meter. Sunlight irradiation experiment was done from 9 am to
5 pm for two consecutive days. The ambient temperature was 28°C = 3°C during the
experiment. Sunlight intensity was measured using Easy View 30 light Meter (in Lux unit).
Dissolution measurement was obtained for every two-hour intervals during two days of
exposure. Sunlight intensity was measured every hour of exposure with an average of 0.012
Watt cm2 after conversion from Lux unit to Watt cm (at 555 nm). Total dissolved Zn?* ion
in samples was analyzed using Perkin EImer Optima 8000 inductively coupled plasma optical
emission spectrometer (ICP — OES). At night, the exposed samples were kept in the dark
cabinet away from light to prevent degradation. Control experiments were also prepared with
the same methods as described above. Instead of exposure to light, the samples were stored in
a dark cabinet.

3. Results and Discussion

3.1. Particle size distribution.

The average diameter determined for the two ZnO nanoparticles samples (< 50 nm and
< 100 nm) from the TEM analysis were 45 £+ 24 nm and 85 + 36 nm respectively. The particle
size distribution is illustrated in Figure 1. The results confirmed that the < 100 nm ZnO
nanoparticles were more dispersed compared to the < 50 nm ZnO nanoparticles. Inlet Figures
show the TEM images that were used to calculate the particle size distribution.

On the other hand, the interaction of the ZnO nanoparticles to HA showed the HA's
complexation ability as this was analyzed using TEM shown in Figure 2. According to [26],
the presence of functional groups such as carboxyl, hydroxyl, and phenol enables HA to form
strong complexations with heavy metal ions in aqueous solutions. The figures also reveal that
HA caused the smaller sized ZnO nanoparticles (< 50 nm) to aggregate more to form bigger
clusters [50]. In contrast, the larger sized ZnO nanoparticles (< 100 nm) did not show greater
cluster but rather showed less clustered aggregates in the presence of HA.
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Figure 1. Particle size distribution (TEM) for (a) <50 nm ZnO (mean 45 + 24 nm, n = 247); (b) < 100
nm ZnO (mean 85 + 36 nm, n = 190) displayed as percentage of total count. Inlet is the TEM images of pre-

sonicated ZnO nanoparticles.
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Figure 2. Complexation of ZnO nanoparticles when < 50 nm sample in the (a) absence of HA; (b) presence of
HA; <100 nm sample in the (c) absence of HA, (d) presence of HA [lonic strength = 3 mM at 0 h].
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3.2. Adsorption of humic acid on ZnO nanoparticles surface.

Studies were carried out to determine the adsorption effect between ZnO nanoparticles
and HA at different pH (pH 1, 3, 5, 7, 9). The initial concentration of 5 mg/L of HA was chosen
based on the total dissolved solids (HA) concentration of Paka river Terengganu, Malaysia,
between 0.02 and 4.17 mg/L [24,51]. Figure 3 illustrates the amount of HA adsorbed onto the
ZnO nanoparticles and the concentration of Zn?* ions released during the adsorption
experiment.
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Figure 3. Amount of HA adsorbed onto ZnO nanoparticles (Q) and concentration of Zn?* ions released during
the adsorption experiment.

From the result, increasing pH results in a decrease in Zn?* ions production in the
solution medium. The highest Zn?* ion produced occurred at a pH of 3 with a concentration of
27 mg/L, whereas, at a pH of 11, only about 2 mg/L Zn?" ions were generated. This implies
that, at higher pH, more ZnO nanoparticles are present in the solution medium than their
dissolved ions. A direct response exists between ZnO surfaces and protons in acidic conditions,
causing the ZnO nanoparticles to dissolve more [52-54]. In a study by [55], ZnO thin films'
dissolution behavior was investigated under different pH. From their findings, the dissolution
rate of the magnetron-sputtered ZnO thin films was moderate at pH 6 and decreased markedly
at pH 7 increased. The trend continued to decrease to pH 10 and finally increased with further
increase in the pH. Their result was similar to the trends observed in the ZnO nanoparticles
used in this study. The dissociations of ZnO can be expressed by the following reactions
suggested by [35,52,55];

ZnO(s) + 2H* «<» Zn?* + H20q) 1)

ZnO(s) + H" <> ZnOH" 2

As pH approaches neutrality (7), the H ions decrease, thereby reducing the frequency
of proton attacks. The solubility of ZnO nanoparticles eventually decreases as pH increases
between 7 — 9 as hydroxide groups are produced in the solution medium according to [56] with
the reaction:

ZnO(s) + OH + H20q) <> Zn(OH)3 3)

ZnO(s) + 20H" + H20q) «> Zn(OH), 4)
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Further dissolution was inhibited by the hydroxide layer formed on the ZnO surface
under alkaline conditions. According to [55], reaction equations (3) and (4) suggest that ZnO
formed hydroxo complexes with OH" in alkaline conditions.

On the contrary, the solubility of HA increases with increasing pH [42]. In this instance,
more dissolved HA forms complexes on the surface of the ZnO nanoparticles, thereby,
increasing its sorption capacity. This was depicted by the plot in Figure 3 where at a pH of 11,
the maximum amount of HA adsorbed was recorded (146 mg/g). However, since less HA was
dissolved at lower pH, only a few amounts of the bulky HA (116 mg/g) could be adsorbed on
the surfaces of the adsorbent. This result contradicts the study by [57]. In their study, they
concluded that an increase in HA concentration and pH decreased the removal efficiency of
ZnO nanoparticles in water. This resulted from the increased generation of hydrogen radicles
at lower pH, which attacked the aromatic rings of the HA to break the carbon-hydrogen bonds
by the UV light, which provided the energy for this mechanism.

The adsorption isotherm of HA onto ZnO nanoparticles was also studied using

Langmuir and Freundlich isotherms. The plots are illustrated in Figure 4.
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Figure 4. Graph of Langmuir and Freundlich adsorption isotherms of humic acid onto ZnO nanoparticles at (a)
pH 3, (b) pH 5, (c) pH 7, (d) pH 9; (e) pH 11.
The constant parameters, regression correlation coefficient (R?), and separation factors
calculated for the two isotherm models are tabulated in Table 1.

Table 1. Langmuir and Freundlich isotherms fitting parameters

. Langmuir Isotherms constants Freundlich isotherms constants
Solution pH
R? KL RL R? Ks 1/n n

3 0.9343 65.7890 0.0003 0.8953 | 455.6170 | -2.0317 | -2.0317
5 0.9805 66.2250 0.0002 0.9633 | 1216.1860 | -1.3659 | -1.3659
7 0.9851 59.5200 0.0003 0.9683 | 775.5000 | -1.7853 | -1.7853
9 0.9814 86.9560 0.0002 0.9684 | 1029.2000 | -1.6112 | -1.6119
11 0.9492 74.626 0.0002 0.9189 | 1351.13 1.4490 | 1.4490

The correlation coefficient (R2) obtained from Langmuir isotherm at all pH is between
0.9343 to 0.9851 compared to 0.8953 to 0.9684 recorded for Freundlich isotherm. This
presupposes that the Langmuir isotherm model fits well for the adsorption process, which
aligned with the study by [58]. Again, the sorption process was favorable due to the separation
factor (RL), which fell between 0 and 1. On the other hand, according to Freundlich’s model,
the process was unfavorable except for the dataset for pH 11, which had its constant “n” above
1. This is because, if n < 1, it suggests that the sorption process is unfavorable, and if n > 1, the
process is considered to be favorable [48,59].

3.3. Effect of HA on the dissolution of ZnO nanoparticles.

Figure 5 shows dissolved Zn?* ions released from two different sizes of ZnO
nanoparticles in the presence and absence of HA at different pH for two days. Results show
that the concentration of Zn?* ion released from smaller sized ZnO nanoparticle (< 50 nm) were
higher (67 mg/L) than ions released from larger sized ZnO nanoparticles (< 100 nm) of 13
mg/L at pH 1 for both samples. In the presence and absence of HA for the smaller ZnO
nanoparticles (< 50 nm), dissolution decreases with increasing pH for days 1 and 2. In the case
of the larger particle size (< 100 nm), dissolution decreased from pH 1 to pH 7. Eventually, it
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increased to about 28 mg/L for days 1 and 2 in the presence of HA. However, in the absence
of HA, the decreased dissolution began from pH 1 to pH 6, peaked at pH 7, and finally
decreased in pH 9. This result is in line with a study by [60], which attributed the higher
dissolution to agglomeration and sedimentation.
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Figure 5. Dissolution of ZnO nanoparticles; (a) < 50 nm; (b) < 100 nm in the presence and absence of HA at
different pH conditions for two days; ionic strength = 3 mM NaCl.

This finding was also in agreement with previous studies by [54]. More than 53% of
ZnO nanoparticles were dissolved as Zn?* ions at pH 3-6. However, at pH 8-11, the ZnO
nanoparticles' solubility was reduced to less than 5%. According to [54], adsorption of HA on
ZnO nanoparticle surfaces reduces the particles' surface potential due to negatively charged
HA. Meanwhile, it was reported that HA increased the dissolution of ZnO at high pH (9 and
11) as bonding between the HA and the sorbate ions lose their polarity [61]. Previous studies
regarding the effect of size and dissolution have been carried out. However, there is less study
that involves different pH when HA present. TEM images in Figure 3a and 3c shows how this
size-factor related to the solubility of particles. Larger sized particles (< 100 nm) are less
soluble than smaller sized particles (< 50 nm), and this is shown when they tend to aggregate
with themselves.

3.4. Effect of sunlight on the dissolution of ZnO nanoparticles.

Figure 6 shows the effect of sunlight in the dissolution of ZnO nanoparticles (< 50 nm
and < 100 nm) in the (a) presence and (b) absence of HA at a specific pH of 7 and ionic strength
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() of 3 mM NaCl. The <50 nm and < 100 nm ZnO nanoparticles were more stable in the
presence of sunlight and HA than in the absence of sunlight and HA. The dissolution of the
two ZnO samples (< 50 nm and < 100 nm) in the presence of HA and sunlight remains constant
in the range of 21.41-21.83 mg/L and 17.53-17.77 mg/L, respectively. However, the smaller
particles (< 50 nm) in the presence of HA with no sunlight saw an increase in Zn?* ion release
within the first 4 hours of irradiation with a maximum yield of 28.07 mg/L. This then decreased
gradually to 9.37 mg/L at the 32" hour of irradiation.
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Figure 6. Effect of sunlight in the dissolution of ZnO nanoparticles at pH 7 in (a) HA =0 mg/L; (b) HA =5
mg/L, | =3 mM NaCl.

In the absence of sunlight, the smaller ZnO nanoparticles (< 50 nm) increased in their
dissolutions in the presence and absence of HA for the first 4 hours of irradiation and gradually
decreased. The maximum concentrations of Zn?* generated in solution in the absence and
presence of HA were 35.31 mg/L and 28.07 mg/L, respectively. However, in the absence of
sunlight, dissolution of < 100 nm ZnO sample to produce Zn?* ions fluctuated in the presence
and absence of HA for the entire 32 hours of irradiation. The maximum concentration of Zn?*
ions produced in the absence and presence of HA is 14.36 mg/L and 8.57 mg/L at the 6" and
1% hour of irradiation. The dissolution of ZnO nanoparticles in this study is in line with a study
by [60], where maximum dissolution was recorded at lower pH (4.8-6.5). Also, visible and
UV-light facilitated the dissolution of ZnO nanoparticles in their study. In contrast, our study
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reported higher dissolution in the case of larger particle size (< 100 nm) in the absence of HA.
Han et al. also proposed the photocatalytic reaction that influenced the dissolution process as
follow:

ZnOg) + hv — ZnOg) + h™ + e (photocatalysis) (6)
h™ + e — hv (or heat) (re-combination) ()
1 . .
ZnOgs) + 2h* — Zn?*(ag) + EOz (Zn0O photo-dissolution) (8)
e a
S
2 e —
2 26 "
D e —— W 100nm+0mg/L HA
fe
e
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S
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Figure 7. Effect of HA and irradiation time on dissolution of ZnO nanoparticles at (a) pH 6; (b) pH 7; (c) pH 9
for and period of 32 hours [I =3 mM NacCl].

To study the effect of HA in the dissolution of ZnO nanoparticles, pH 6, pH 7, and pH
9 was chosen since it was a representation of the natural environmental conditions of fresh
https://biointerfaceresearch.com/ 11266
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surface  water  (6.5-8.5) and underground  water  (6-8.5)  from  the
National Water Quality Standards for Malaysia (EQR2006 source).

Figure 7 illustrates the effect of HA, irradiation time on the dissolution of the two ZnO
nanoparticle samples at different pH values (6, 7, and 9).

The stability of dissolution of each ZnO nanoparticles at the different pH varies from
the different conditions available for each particle. At pH 6, the larger particle size (< 100 nm)
in the presence and absence of HA were stable in the ion production as compared to the smaller
particles (< 50 nm), which increased in Zn?* ion production with an increase in irradiation time.
The maximum concentration of Zn?* ion produced was 38.95 mg/L and 49.94 mg/L for ZnO
nanoparticles in the presence and absence of HA. At pH 7, apart from < 100 nm in the absence
of HA, the rest of the test samples were stable in their ion production in an aqueous solution.
The stabilized Zn?* ion concentration was in the range of 17.77-21.83 mg/L. The maximum
concentration of Zn?* ion released by the < 100 nm ZnO nanoparticles in the absence of HA
was 37.50 mg/L at the 26™ irradiation time. Larger ZnO nanoparticles (< 100 nm) recorded
their maximum Zn?* ions concentration (37.55 mg/L) in pH 9. The other samples recorded a
stable Zn?* ion concentration both in the presence and absence of HA. This result is in line with
a study by [56]. They reported that the solubility of larger-sized ZnO nanoparticles (n-ZnO-1)
to produce Zn?* ions increased with an increase in HA in a solution of pH 9. The difference
might be due to sunlight’s presence where the HA may have been photo-degraded due to the
electron-hole-pair generated from ZnO nanoparticles when irradiated with sunlight [62].
Literature reported three mechanisms that occur when HA adsorb onto metal oxide
nanomaterial surfaces. First, the uniquely high specific surface area of nanoparticles provides
HA with a large adsorption space. Secondly, accessibility of the HA molecules to the sites with
low hydrophilicity and low negative charge on the particle surface. Finally, the HA adsorption
occurs due to the electrostatic attraction and ligand exchange reactions between HA and oxide
materials [56].

In comparing the TEM images in Figure 2b and 2d, smaller particles aggregate more in
the presence of HA than their larger particles. Although the aggregates tend to present a larger
surface area, their interaction with HA hinders their dissolution due to the strong complexation.
Previous studies on cerium dioxide interaction with HA concluded that, whenever organic
molecules adhere to cerium dioxides, they provide a barrier to aggregation and more dispersion
[63].

4. Conclusions

The effects of sunlight and HA on the behavior of ZnO nanoparticles were studied. In
the presence of HA, the dissolution of ZnO nanoparticles was higher than the absence of HA.
This is because the negative charge of HA changes ZnO nanoparticles' surface charge,
preventing the particles from aggregating and precipitating. When exposed to sunlight without
HA, the dissolution is stable over the irradiation time. In a combination of both sunlight and
HA, the Zn?" ions released doubled as much as without HA. The sorption process of HA onto
ZnO nanoparticles was favorable and fitted well by the Langmuir isotherm model.

On the other hand, according to Freundlich’s model, the process was unfavorable
except for the dataset for pH 11, which had its constant “n” above 1. In conclusion, both factors
influenced the ZnO nanoparticles’ fate and enhanced the release of Zn?* over time in an
aqueous environment. This study also indicates that the fate of ZnO nanoparticles is highly
dependent on water chemistry. At higher pH, the dissolution of ZnO was limited by solubility
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equilibrium [60]. The pH value a dominant factor, together with sunlight facilitating the ZnO
dissolution most probably by degrading the HA.
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