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Abstract: Formaldehyde (FA) is an extremely active compound that is widely used in numerous
applications. Given that FA is a known carcinogen, it is essential to remove it from the environment.
Titanium dioxide (TiO2), due to its special physicochemical properties, is a promising adsorbent for
the removal of specific organic compounds from aqueous solutions. In this study, the interaction of
TiO2 with FA in the presence and absence of quartz sand, the most common mineral on the Earth’s
surface, was investigated under static and dynamic (batch) conditions, at 25 ◦C. The experimental
data suggested that the sorption of FA onto TiO2 can be described adequately by a pseudo-second
order kinetic model, indicating that the main sorption mechanism was chemisorption. It was
observed that the combination of TiO2 and quartz sand could1 lead up to effective removal of FA
from aqueous samples.
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1. Introduction

Water supplies are increasingly polluted due to human activities, as the Earth’s pop-
ulation grows [1]. Industrial, municipal and domestic waste is often discharged into
water canals, rivers, streams and lakes [2]. This waste causes toxic chemical and bacterial
contamination, which is responsible for several water-borne diseases. Among the most
frequently occurring toxic organic substances in water is formaldehyde (FA), because of its
extensive use in numerous applications by various industries including: textile, furniture,
aquaculture, agriculture, tannery, petrochemical, and cosmetics [3–7].

FA can be formed from catalytic oxidation of methanol, water disinfection processes
as a byproduct, or from combustion of natural organic materials [8–13]. The presence
of FA in the water, may cause adverse effects to human health (cancer, cardiovascular
disease, neurological disease, miscarriage etc.), the environment and the ecosystem. The
recommended FA concentrations in drinking-water are less than 100 µg/L [14,15]. Typical
FA concentrations in ozonated drinking-water are up to 30 µg/L [16,17]. However, FA
concentrations in surface waters have been reported in the range 1.2–9 mg/L [18], and
in industrial wastewaters in the range 0.2–10 g/L [19–21]. Often, conventional water
treatment methods are not sufficient to remove all types of pollutants, so the development
of new advanced technologies for FA removal is a burning issue. Current methods for
removing FA from water depend mainly on physical adsorption with a removal success rate
of 60–65% [22] and chemical catalytic oxidation [23]. Many materials have been shown to
be effective in adsorbing FA, such as activated carbon, clays and carbon nanotubes [24–27].

Nanotechnology research has increased in the recent years and many revolutionary
developments have taken place in this field. Nanomaterials have been extensively stud-
ied due to their many applications in the fields of energy, electronics, biomedicine and
environmental remediation [28–34]. Titanium dioxide (TiO2) is a nanomaterial, which has
been used extensively in various commercial applications and catalytic reactions due to its
very good physical, optical, electrical, and stable structural properties [35,36]. It should
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be noted that TiO2 concentrations in effluents from urban wastewater treatment plants
are in the range 10–100 mg/L [37]. TiO2 is the 4th most abundant metal in the world, and
can be found in various minerals, mainly in rutile, brocite, and anatase, but also in the
human body, ash and plants [38]. It should be noted that TiO2 is present in various widely
used products, such as paints, paper, plastics, cosmetics, food and much more [39]. By
2025, TiO2 production in the US alone is expected to increase to 52.5 million tons/year [40].
Additionally, the nanomaterial technology offers an economical and efficient alternative to
water purification and disinfection. Adsorption processes have the advantage of effectively
removing contaminants from the aqueous phase. TiO2 has been used as an adsorbent for
the successful removal of organic compounds from water [41], as well as for the removal
of V (V) and Pb (II) from aqueous solutions [42]. In addition, TiO2 nanocomposites are
widely used as adsorbents to remove metal ions from industrial waste [43]. Therefore, the
use of TiO2 nanoparticles as adsorbent could be a promising solution for environmental
remediation [44].

There are only a few studies of FA adsorption onto TiO2 surfaces published in the
literature. These studies concluded that FA binds weakly on the rutile TiO2 surface either
in a monodentate configuration or in a bidentate fashion [45–47], and on the anatase
TiO2 surface in a monodentate configuration, with a small repulsive interaction, where
co-adsorbed FA molecules can aggregate due to weak attractions [48].

Given that both FA and TiO2 are frequently released into the environment, they can
easily infiltrate subsurface formations. It should be noted that the adsorption of FA onto
quartz sand was reported to be weak [27]. Consequently, it is worthwhile to study the
interaction between FA and TiO2 in the presence of a common rock-forming mineral such
as quartz sand. Although the sorption of FA on single crystal rutile, as well as anatase
TiO2 surfaces, has been studied from a physical chemistry view point [45–48], the kinetics
of FA sorption onto a mixture of rutile and anatase TiO2 nanoparticles in the presence of
quartz sand from an environmental engineering view point, to our knowledge, has not
been reported before in the literature. In the present study, kinetic batch experiments were
conducted under both static and dynamic conditions in order to investigate the interaction
of FA with TiO2 in the presence of quartz sand. The results of this study could lead to
the development of a new FA remediation technique based on TiO2 nanoparticles and
quartz sand.

2. Materials and Methods

The initial FA stock solution (1000 mg/L) was prepared by placing 124 µL of 37 wt %
FA solution (Sigma-Aldrich ≥99%) with a plunger pipette, into a 50 mL volumetric flask,
and adding distilled deionized water (ddH2O) to the volumetric mark. From this concen-
trated stock solution numerous diluted solutions were made by adding ddH2O, in order to
obtain the desired FA solution concentration for each individual experiment conducted in
this study. Due to the fact that FA reacts with light, all FA solutions were covered with foil
and stored in a darkroom at 4 ◦C [49].

For the detection of FA, the Nash method [50] was used, as outlined by Fountouli
et al. [27]. For the preparation of 100 mL of Nash reagent solution, 0.2 mL of acetyl acetone,
0.3 mL of acetic acid, and 15 g of ammonium acetate were dissolved in ddH2O. Equal
volumes of Nash reagent and FA solution were mixed in order to form a yellowish product,
diacetyl dihydrolutidine (DDL), which was determined spectrophotometrically at 625 nm
with a UV-Vis spectrophotometer (UV-1900 Shimadzu, Japan). The necessary calibration
curve of the FA peak area versus FA concentration was constructed by linear regression
of the experimental data obtained using FA sample solutions (5 mL of Nash reagent with
5 mL of FA), where 1, 2, 4, 6 and 8 mg/L FA solutions were prepared by diluting the
concentrated FA stock solution.
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To lower the pH of solutions, a 0.1 M solution of hydrogen chloride (HCl) was prepared
by diluting with ddH2O, 3.04 mL of a concentrated HCl solution (1.2 g/mL) to a final
volume of 1000 mL. To alkalize solutions, a 0.6 M sodium hydroxide (NaOH) solution was
prepared by adding 2.4 g NaOH to 100 mL of ddH2O.

The TiO2 nanoparticles used in this study were a mixture of rutile and anatase (99.5%,
molecular weight: 79.87, Sigma-Aldrich, St. Louis, MO, USA). Based on the BET laboratory
analysis reported by the manufacturer, the size of the TiO2 nanoparticles was less than
25 nm. The initial TiO2 stock solution (100 mg/L) was prepared by placing 100 mg of TiO2
(mixture of rutile and anatase), into a 1000 mL volumetric flask, and adding ddH2O to the
volumetric mark.

In this study, quartz sand was used as a sorbent, because it is the most common mineral
on the surface of the Earth. The quartz sand (Filcom, Sibelco Co, Wessem, Netherlands) had
size range 400 to 800 µm, specific density 2.6 gr/cm3, hardness 7 Mohs, and mass density
= 1.6 t/m3. The chemical analysis of quartz sand is: 96.2% SiO2, 0.15% Na2O, 0.02% MgO,
1.75% Al2O3, 0.03% P2O5, 0.06% SO3, 0.78% K2O, 0.11% CaO, 0.46% Fe2O3, 0.02% BaO,
0.01% Mn3O4, and 0.41% loss on ignition. The quartz sand was cleaned with a frequently
employed procedure [51–53]. Note that the number of attachment sites per unit volume of
the quartz sand is increasing with decreasing quartz sand size [54].

Two different series of batch experiments (with and without quartz sand) were per-
formed at 25 ◦C. Each series incorporated both static and dynamic experiments. All batch
experiments were performed in 20 mL Pyrex glass screw cap tubes (Fisher Scientific), which
were thoroughly washed with detergent, and oven dried overnight. For each series of
experiments, 20 glass tubes were employed, 10 for the dynamic experiments and 10 for
the static experiments. The static experiments were performed with the tubes placed on
a simple tube holder, whereas the dynamic experiments were performed with the tubes
placed on a tube rotator, operated at 12 rpm for complete mixing of the liquid solution. One
glass tube from each group (static and dynamic) was selected at random at a preselected
time periods (5, 15, 30, 45, 60, 90, 120, 150, 180, 240 min). The liquid samples collected from
each glass tube were centrifuged at 30,000 rpm for 10 min to precipitate the suspended TiO2
nanoparticles and leave only FA in the supernatant. Exactly 5 mL of the supernatant were
added to 5 mL of Nash reagent, and the resulting mixture was analyzed by UV–visible
spectroscopy. The following parameters were examined in both series of experiments (with
and without quartz sand): pH 4, 7.5 and 10, ionic strength (Is) 1, 50, and 100 mM, and FA
concentration of 3, 5, and 8 mg/L. The TiO2 concentration in all experiments was equal
to 100 mg/L. Additionally, 14 g for quartz sand were added to each of the 20 glass tubes
of the second series of batch experiments. A schematic illustration of the experimental
procedures is presented in Figure 1.
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Figure 1. Experimental setup, showing how the glass screw cap tubes were filled for the dynamic and static experiments
and the subsequent FA detection analysis.

3. Theoretical Considerations

The FA concentrations sorbed onto either TiO2 or quartz sand at time t, C∗
t (mg FA/g

solids), were determined by the following equation [26]:

C∗
t =

(C0 − Ct)V
W

(1)

where C0 (mg FA/L solution) is the initial liquid phase FA concentration, Ct (mg FA/L
solution) is the liquid phase FA concentration at time t, V (L solution) is the volume of the
solution, and W (g sorbent) is the dry mass of the sorbent.

If more than one sorbent is used at the same time, the following expression provides
the total mass removed from solution by all sorbents used, as opposed to the mass sorbed
to each sorbent separately. In order to evaluate the efficiency of the sorption process, to
each sorbent individually or combined, the percentage of FA removal, PFA (%), at a given
time was determined by [26]:

PFA =
(C0 − Ct)

C0
× 100 (2)

Preliminary analysis of the experimental data collected in this study showed that
the sorption process is best described by a pseudo-second order model expressed by the
following differential relation [55]:

dC∗
t

dt
= kp2

(
C∗

eq − C∗
t

)2
(3)
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where t (d) is time, kp2 (g sorbent/(mg FA)·d) is the rate constant of the pseudo-second-
order sorption model, and C∗

eq (mg FA/g sorbent) is the FA concentration sorbed onto
the solids at equilibrium. The above equation can be solved by separation of variables
followed by integration over time from 0 to t to yield:

C∗
t =

(
C∗

eq

)2
kp2t

1 + C∗
eqkp2t

(4)

In addition, the above equation can be rearranged in the following linear form:

t
C∗

t
=

1

kp2

(
C∗

eq

)2 +
t

C∗
eq

(5)

The pseudo-second-order model suggests that the sorption mechanism is governed
by chemical sorption (chemosorption), where electron exchange takes place between the
sorbed chemical and the sorbent [56]. Certainly, the pseudo-second-order kinetic sorption
model has been employed successfully in several sorption studies of environmental in-
terest [27,57,58]. In this study, the pseudo-second order kinetics model was fitted to the
experimental data with the public domain nonlinear least squares regression software
ColloidFit [59].

4. Results and Discussion

The experimental data collected from each FA sorption experiment conducted in
this study, at various conditions, were used to evaluate the corresponding percentage of
FA removal, PFA (%), at equilibrium. The results are presented graphically in Figure 2.
Clearly, the PFA values were higher in the presence of both TiO2 nanoparticles and quartz
sand (PFA > 80%), than only TiO2 nanoparticles (PFA~40%), for both static and dynamic
conditions. This is an anticipated result, because generally FA is poorly sorbed onto TiO2
nanoparticles [60] and very weakly onto quartz sand [27], but in the presence of both TiO2
nanoparticles and quartz sand, FA can access more sorption sites on the two different
sorbents. No clear effect of FA concentration, pH, and Is on the percentage of FA removal
could be detected from these results. Certainly, the experimental data presented in Figure 2
shown that the combined use of sorbents (TiO2 nanoparticles and quartz sand) resulted
in higher FA removal than the cases where only TiO2 nanoparticles were used. Certainly,
the interactions between TiO2 nanoparticles and quartz sand enhanced FA removal from
the liquid phase. Therefore, the presence of quartz sand is expected to be helpful in FA
removal from aqueous solutions.

The kinetic experiments of FA sorption onto TiO2 nanoparticles, with FA initial con-
centrations of 3, 5 and 8 mg/L and TiO2 concentration of 100 mg/L, under dynamic and
static conditions are presented in Figure 3. It is evident from the experimental data that
equilibrium occurred within the first 15 min of the experimental duration. As expected,
the amount of FA sorbed onto TiO2 nanoparticles is higher for the dynamic than static
conditions due to agitation. Initially, FA was sorbed quickly onto TiO2 nanoparticles due to
the large number of adsorption sites available. As the sorption process continued, the sorp-
tion rate decreased due to the reduction of available sorption sites [61]. Fast FA sorption
has also been observed in other similar studies [27,62]. In addition, note that FA sorption
onto TiO2 nanoparticles was directly proportional to the FA initial concentration. This is an
anticipated result, which has also been observed in other similar sorption studies [27].
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The kinetic experiments of FA sorption onto TiO2 nanoparticles at pH values of 4, 7.5,
and 10, with FA initial concentration of 5 mg/L and TiO2 concentration of 100 mg/L, under
dynamic and static conditions are shown in Figure 4. The experimental data suggested
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that FA sorption onto TiO2 nanoparticles was affected weakly by pH. The highest FA
sorption was observed at pH 7.5 and the lowest at pH 10. This is consistent with previous
studies where at pH < 7, FA removal was reported to increase due to the positively charged
hydrogen ion accumulation around the adsorbent surface [63–65].
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Figure 4. FA sorbed concentrations onto TiO2 nanoparticles as a function of time, under dynamic
(a–c: filled squares) and static (d–f: open squares) conditions, for three different pH values. The
initial FA concentration was 5 mg/L, TiO2 concentration 100 mg/L and the temperature 25 ◦C. The
curves represent the fitted pseudo-second order model.

The kinetic experiments of FA sorption onto TiO2 nanoparticles at solution ionic
strengths (Is) of 1, 50, and 100 mM, with FA initial concentration of 5 mg/L and TiO2
concentration of 100 mg/L, under dynamic and static conditions are shown in Figure 5.
The experimental data suggested that FA sorption onto TiO2 nanoparticles is practically
unaffected by the imposed Is changes under dynamic conditions, whereas a slight FA
sorption decrease was observed at the higher Is values (compare Figure 5d,e). This is in
agreement with an earlier study reported in the literature where Is variations did not yield
significant changes in the FA sorption process [27].
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Figure 5. FA sorbed concentrations onto TiO2 nanoparticles as a function of time, under dynamic (a–c:
filled diamonds) and static (d–f: open diamonds) conditions, for three different ionic strength (Is)
values. The initial FA concentration was 5 mg/L, TiO2 concentration 100 mg/L and the temperature
25 ◦C. The curves represent the fitted pseudo-second order model. Error bars not shown are smaller
than the size of the symbol.

The kinetic experiments of FA sorption onto TiO2 nanoparticles in the presence of 14 g
quartz sand, with FA initial concentrations of 3, 5 and 8 mg/L and TiO2 concentration of
100 mg/L, under dynamic and static conditions are shown in Figure 6. The experimental
results indicated that equilibrium was achieved faster (within the first 5 min) in the presence
of quartz sand compared to the case where the quartz sand was absent. This was attributed
to the additional sorption sites on the quartz sand. It is worth noting that the mass of TiO2
nanoparticles (100 mg) used in these experiments was significantly smaller compared to
the added mass of quartz sand (14 g). Clearly, the sorption process depended strongly on
the concentration of FA, as well as the concentration of the available sorbents. In general,
the extent of solute sorption increased with increasing sorbent concentration. Note that by
increasing the sorbent concentration led to an augmented number of available sorption
sites. However, the total amount of solute sorbed per unit weight of sorbent may decrease
after increasing the sorbent concentration due to interference caused by the interaction
of the active sites of the sorbent [66–68]. In this study, instead of increasing the TiO2
concentration, another sorbent (quartz sand) was added in each Pyrex glass screw cap
tube, which did not yield any interference but, as expected, increased the sorption sites.
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The observed FA sorption increase when the both sorbents (TiO2 nanoparticles and quartz
sand) were used simultaneously was similar to the FA sorption increase, reported in the
literature, when clay particles and quartz sand were used together as sorbents [69].
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Figure 6. FA sorbed concentrations onto TiO2 nanoparticles and quartz sand as a function of time,
under dynamic (a–c: filled circles) and static (d–f: open circles) conditions, for three different initial
FA concentrations. The TiO2 concentration was 100 mg/L, the mass of quartz sand added in each
Pyrex glass screw cap tube was 14 g, and the temperature 25 ◦C. The curves represent the fitted
pseudo-second order model.

The kinetic experiments of FA sorption onto TiO2 nanoparticles in the presence of 14 g
quartz sand at pH values of 4, 7.5, and 10, with FA initial concentration of 5 mg/L and TiO2
concentration of 100 mg/L, under dynamic and static conditions are shown in Figure 7. The
experimental data clearly shown that changes in solution pH did not affect the FA sorption
process. Clearly, that the sorbed FA concentration was very similar in all three pH cases
(4, 7.5 and 10) considered in this study. A possible explanation for this is that all the pH
values used in this study were higher than the isoelectric point pHIEP = 3.5 for the mixture
of rutile and anatase [31], which is close to other values reported in the literature [70].
Note that pHIEP values for TiO2 nanoparticles may vary significantly depending on the
manufacturer [71]. Given that the electrophoretic mobility of the rutile and anatase mixture
did not alter direction over the range of the pH values used in this study, the nature of the
repulsive forces between the TiO2 nanoparticles remained unchanged.
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sand added in each Pyrex glass screw cap tube was 14 g, and the temperature 25 ◦C. The curves
represent the fitted pseudo-second order model.

The kinetic experiments of FA sorption onto TiO2 nanoparticles in the presence of
14 g quartz sand at solution ionic strengths (Is) of 1, 50, and 100 mM, with FA initial
concentration of 5 mg/L and TiO2 concentration of 100 mg/L, under dynamic and static
conditions are shown in Figure 8. The experimental data shown that changes in the
solution ionic strength did not affect significantly FA sorption. Only in the experiment
for Is = 100 mM, the amount of FA sorbed onto TiO2 nanoparticles and quartz sand
decreased slightly with increasing ionic strength. This was most likely due to the increased
competition between positively charged FA species and cationic electrolytes for active
sorption sites. This observation was consistent with other studies of organic compound
uptake by soils [72]. Also, at higher Is values the aggregation of TiO2 nanoparticles was
enhanced [73], which in turn led to a reduction of available sites for FA sorption.

The data collected from the dynamic experiments in the presence of quartz sand
revealed that after the sorbed FA concentration reached a maximum value, in several cases,
there was a small gradual decrease in C* (see Figures 6–8). This reduction was attributed to
desorption caused by agitation due to the rotation of the Pyrex glass screw cap tubes, or to
possible TiO2 nanoparticle interactions with the quartz sand. It should be noted that TiO2
nanoparticles can also attach onto the quartz sand [33].
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the mass of quartz sand added in Pyrex glass screw cap tube was 14 g, and the temperature 25 ◦C.
The curves represent the fitted pseudo-second order model.

The data collected from each experiment were very well fitted with the pseudo-second
order model (see Figures 3–8), suggesting that chemical sorption (chemisorption) was
involved in the process [56]. The corresponding fitted values of the reaction rate constant
of the pseudo-second order model (kp2) and the FA concentration sorbed onto the solids at
equilibrium (C∗

eq) are listed in Table 1. Clearly, the fitted kp2 values for the experiments
conducted in the presence of quartz sand were much higher than those in the absence of
quartz sand. Additionally, kp2 values were consistently higher under dynamic than static
conditions due to agitation. In general, FA sorption was faster in the presence, compared
to the absence, of quartz sand. In addition, FA sorption was faster under dynamic than
static conditions. Furthermore, the fitted C∗

eq values for the experiments conducted in the
presence of quartz sand were much lower than those in the absence of quartz sand. Further,
the fitted C∗

eq values for the experiments conducted in the absence of quartz sand were
higher under dynamic than static conditions. This was an anticipated result because of
the enhanced undisturbed mixing during dynamic conditions in the absence of quartz
sand. In the presence of quartz sand, the fitted C∗

eq values were higher under static than
dynamic conditions. This finding was attributed to possible interactions between TiO2
nanoparticles and quartz sand. Furthermore, the lower fitted C∗

eq values observed in the
presence of quartz sand was an expected observation, because the mass of sorbents was
increased considerably with the addition of quartz sand. Note that C∗

eq is given in units of
(mg/g). However, the percentage of FA removal was consistently higher in the presence
than the absence of quartz sand (see Figure 2).
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Table 1. Fitted sorption parameter values.

Experimental
Conditions

kp2
(g/mg·d)

C∗
eq

(mg/g)

No CFA
(mg/L)

CTiO2
(mg/L)

Quartz Sand
(g/vial) pH Is

(mM) Static Dynamic Static Dynamic

1 3 100 − − − 0.073 0.076 8.37 9.18

2 5 100 − − − 0.012 0.030 12.16 16.15

3 8 100 − − − 0.031 0.056 22.76 26.79

4 5 100 − 4 − 0.154 0.155 13.63 13.77

5 5 100 − 7.5 − 0.075 0.091 17.54 16.35

6 5 100 − 10 − 0.029 0.059 12.27 11.66

7 5 100 − − 1 0.032 0.070 15.37 15.64

8 5 100 − − 50 0.041 0.063 12.00 15.63

9 5 100 − − 100 13.74 54.66 13.22 16.26

10 3 100 14 − − 313.4 8000.9 0.0037 0.0030

11 5 100 14 − − 89.2 10,000.0 0.0048 0.0041

12 8 100 14 − − 417.7 3275.2 0.0092 0.0068

13 5 100 14 4 − 168.0 3444.3 0.0063 0.0053

14 5 100 14 7.5 − 779.2 4011.9 0.0057 0.0057

15 5 100 14 10 − 630.1 10,000.0 0.0061 0.0050

16 5 100 14 − 1 443.0 3932.5 0.0065 0.0053

17 5 100 14 − 50 545.2 701.7 0.0064 0.0051

18 5 100 14 − 100 898.1 1327.9 0.0051 0.0051

5. Conclusions

The sorption of FA onto TiO2 nanoparticles in the absence and presence of quartz sand
under static and dynamic conditions, at 25 ◦C was investigated. The experimental results
from this work suggested that FA sorption was faster and more pronounced in the presence
of quartz sand. Typical pH and ionic strength variations did not significantly affect the FA
sorption process. The experimental data were satisfactorily fitted by the pseudo-second
order model, indicating that the sorption mechanism was chemisorption. The experiments
were conducted with clean quartz sand. Of course, the interaction of FA with quartz sand
could be somewhat different if the quartz sand was not cleaned or if natural soil had been
used. Assuming that FA could be relatively mobile in natural soil and sediments and could
potentially contaminate the aquatic environment with numerous adverse effects on living
organisms and to human health, its removal is essential. The present study suggested
that combination of the sorbents TiO2 and quartz sand can effectively remove FA from
aqueous solutions.
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