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a b s t r a c t
A novel adsorbent prepared by the immobilization of 2,4-dinitrophenylhydrazine (DNPH) on 
TiO2 nanoparticles has been investigated for the removal of formaldehyde from aqueous solutions. 
Sodium dodecyl sulfate (SDS) surfactant was used to improve the DNPH grafting to the TiO2 sur-
face. Isotherm modeling revealed that the Langmuir equation could better describe the adsorption 
of formaldehyde onto the TiO2/SDS/DNPH and the maximum adsorption capacity obtained was 
51.282 mg/g. The equilibrium parameter (RL) indicated that TiO2/SDS/DNPH nanocomposites are 
useful for the removal of formaldehyde from aqueous solutions. Kinetic studies showed the best 
applicability of the pseudo-first-order model. It was found that the adsorption rate is rapid at the 
initial stages and reaches equilibrium after 245 min. According to the adsorption thermodynamics, 
ΔH°, ΔG°, and ΔS° were calculated as –26.1, –5.6, and –63.2 (kJ/mol), respectively. Negative val-
ues obtained for thermodynamic parameters show that the reaction is exothermic and spontaneous 
at room temperature. Adsorption–desorption studies indicated that the prepared adsorbent kept 
its adsorption efficiencies constant over 5 cycles. The best conditions for TiO2/SDS/DNPH nano-
composites to remove 96.2% formaldehyde were an adsorbent dosage of 1.1 g/L, a pH of 7.424 
and a contact time of 183.290 min.
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1. Introduction

Formaldehyde (HCHO) is a toxic compound, with a 
lethal dose of 500 mg/kg [1]. Recently, the International 
Agency for Research on Cancer and the National Toxicology 
Program have designated formaldehyde as a human car-
cinogen [2]. It has wide applications in various industries, 
including the production of polymers, adhesives, sponges, 
detergents, preservatives, explosive materials, wood pro-
cessing, textiles, leather, and cosmetics [3]. Formaldehyde is 
found in wastewater in monomeric form, as well as its deriv-
atives such as ether, urea, phenolic condensates, and it forms 
composite complexes with resins, phenols, and many other 
chemicals [4]. Therefore, to minimize the harmful effects 

of formaldehyde, it should be removed effectively from 
wastewater.

Several methods for formaldehyde removal have been 
proposed, such as membrane separation [5], advanced oxida-
tion processes [6], biological [1,4,7,8] and electrocoagulation 
[9], which are often costly and complex with low efficiency 
and by-products. Adsorption has been shown to be the most 
efficient method for the removal of pollutants from aqueous 
solutions [9–13]. Salman et al. [14] had studied the adsorp-
tion of formaldehyde on bentonite and kaolin in batch mode. 
They concluded that kaolin and bentonite have good poten-
tial as adsorbents to remove toxic organic pollutants such 
as formaldehyde from water. Ryu et al. [15] had examined 
urea/nitric acid co-impregnated pitch-based activated carbon 
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fibers as adsorbents for the removal of low-concentration 
formaldehyde gas from dry and humid atmospheres. Na et 
al. [16] studied the formaldehyde adsorption performance 
of materials with particular emphasis on advanced mate-
rials (e.g., carbon nanotubes, metal–organic frameworks, 
graphene oxides, and porous organic polymers) and their 
modified forms compared to conventional sorbents (e.g., zeo-
lite). Nanosorbents have emerged as a new area of research 
with potential application, due to their large surface areas, 
high number of surface-active sites, easy synthesis, and rapid 
absorption. However, most of the used adsorbents have not 
succeeded in effectively removing formaldehyde, especially 
at high concentrations [17].

Among all nanoscale metal oxides, titanium dioxide 
nanocrystals (TiO2) have a high potential for environmental 
applications due to their physical and chemical stability, rel-
atively lower cost, nontoxicity, resistance to corrosion, and 
stable colloidal suspension [18–22]. Furthermore, TiO2 can 
be recovered from various effluents and can be reused as a 
sorbent in the elimination of pollutants from air and water 
[23–26]. Anatase nanoparticles have a higher sorption capac-
ity compared to other phases of TiO2 [27,28]. Formaldehyde 
molecules can be adsorbed on the hydroxyl groups on the 
surface of TiO2 by hydrogen bonding [29]; however, since 
amine groups have been proven to improve formaldehyde 
adsorption through their reaction that produces imine 
[30,31], it is anticipated that impregnation of TiO2 with ami-
no-containing compounds can improve its removal capac-
ity for formaldehyde due to the cooperation of physical 
adsorption and the increased chemical interaction between 
amino groups on the surface of the adsorbent and formal-
dehyde molecules. Although the adsorption and photocata-
lytic oxidation of gaseous formaldehyde on pure TiO2 have 
been studied [29], some important aspects of the removal 
of formaldehyde from water by adsorption on grafted TiO2 
nanoparticles are still poorly understood. One of the com-
pounds with a strong affinity for formaldehyde is 2,4-dini-
trophenylhydrazine [32,33], which can be used with TiO2 
as a new adsorbent for the efficient removal of formalde-
hyde from aqueous solutions. In this study, we synthesized 
2,4-dinitrophenylhydrazine grafted TiO2 nanocrystals and 
investigated their application in the removal of formalde-
hyde from aqueous solutions. The effect of pH and absorbent 
dosage on adsorption efficiency was investigated, as well as 
on adsorption kinetics, thermodynamics, and isotherms.

2. Materials and methods

2.1. Materials

The nano-TiO2 powder (anatase-phase crystal structure 
with an average particle size of approximately 25 nm) was 
supplied by Nanolin, Germany. Formalin solution (37 wt.% 
of formaldehyde), ammonium acetate (98% purity), acetic 
acid (96% purity); acetylacetone (99% purity), 2,4-dinitro-
phenylhydrazine (99% purity), and sodium dodecyl sulfate 
were purchased from Merck, Germany.

2.2. Preparation and characterization of adsorbent

The TiO2/SDS/DNPH nanocomposite was prepared 
by immobilizing 2,4-dinitrophenylhydrazine on TiO2 

nanoparticles coated with anionic sodium dodecyl sulfate 
surfactant as a grafting agent between TiO2 and 2,4-dini-
trophenylhydrazine (DNPH) [17,32]. DNPH was used as 
an agent to form amine groups on the surface of TiO2. First, 
2.0 g TiO2 nanoparticles were suspended in 50 mL deionized 
water. Then 100 mg of sodium dodecyl sulfate (SDS) and 
20 mL of DNPH solution (0.9 g of DNPH in a concentrated 
solution of hydrochloric acid and acetonitrile) were added. 
The solution was stirred at 60°C for 3 h and the excess sol-
vent evaporated under vacuum. The remaining solid phase 
was washed with deionized water and, after drying, kept in a 
sealed container for subsequent use.

As in our previous research [34], the morphology of the 
nanoparticles was studied using the Cambridge S360 scan-
ning electron microscopy (SEM) equipped with an Oxford 
energy-dispersive X-ray spectroscopy (EDX). All images 
were taken with an operating voltage of 30 kV and 200; 
500; 1,000 and 2,000 magnifications. Specimens were sput-
ter-coated with gold in a Quorum Sputter Coater Model 
Q150R ES. A closer look at the shape, size, and arrangement 
of the nanostructure adsorbent was carried out by Philips 
transmission electron microscopy (TEM) model CM120. 
The X-ray diffraction analysis (XRD) was performed at an 
angular range of 5°–70° (2θ) with a step size of 2θ = 0.02° in 
Philips Analytical X-Ray diffractometer model X’Pert PW 
3040/60 using a CuKα radiation (λ = 1.5406 nm), 40 kV, and 
30 mA. The diffractometer was equipped with 1° divergence 
slit and a 0.1 mm receiving slit. Fourier-transform infra-
red spectroscopy (FTIR) was performed using the Thermo 
Nicolet Apparatus Model Avatar 370, made in the USA. All 
the peaks were obtained in the range of 4,000 to 400 cm–1 
for modified and unmodified nanoadsorbent.

2.3. Experiments design

The response surface method (RSM) and the central 
composite design (CCD) were used for experiment design, 
data analysis, and to determine the effect of various process 
parameters such as contact time, pH, and adsorbent dosage 
on adsorption efficiency. Three levels for each parameter 
were considered with 20 runs containing 8 factorial points, 
6 central points, and 6 axial points [35]. The levels of factors 
were selected according to preliminary tests. Design–Expert 
software version 10 was applied for the analysis of variance 
(ANOVA), with 0.05 significance level. The optimal value 
for each of the three parameters was determined accord-
ing to the responses obtained. Factors under study along 
with their levels are summarized in Table 1.

2.4. Adsorption studies

Adsorption experiments were conducted discontinu-
ously in the presence of nitrogen (to prevent oxidation). 
Certain concentrations of formaldehyde at a specific contact 
time and pH were subjected to different amounts of adsor-
bent, according to the design of the relevant experiments 
[36]. Aqueous formaldehyde solution was stirred on a mag-
netic stirrer at 1,000 rpm to allow transfer of the pollutant 
onto the adsorbent. The adsorbent was separated by centri-
fuge at 15,000 rpm for 15 min and residual formaldehyde 
concentration in aqueous solution was determined through 
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formaldehyde reaction with Hantzsch reagent based on 
Nash method [37]. The adsorption efficiency and adsorbed 
amount of formaldehyde per unit weight of adsorbent 
at time t, qt (mg/g), were calculated as:

Adsorption Efficiency %� � � �
�

C C
C

t0

0

100  (1)

q
C C V
Wt

t�
� ��0 �  (2)

where C0 and Ct (mg/L) are the initial and time t concentra-
tions of formaldehyde, respectively. V (L) is the volume of the 
solution, and W (g) is the mass of adsorbent used. Adsorption 
equilibrium tests were performed by adding 1.1 g/L of TiO2/
SDS/DNPH at pH 7.4 (the optimum conditions) to an aque-
ous solution containing 100, 200, 300, 400 and 500 ppm form-
aldehyde. The samples were stirred to reach equilibrium, 
and then the solution was analyzed for residual formalde-
hyde. qe (mg/g), were computed as:

q
C C V
Wt

e�
� ��0 �  (3)

where Ce (mg/L) denotes the formaldehyde concentration at 
equilibrium.

2.5. Regeneration and reusability of adsorbent

To evaluate the possibility of recycling the adsorbent, the 
regeneration process of TiO2/SDS/DNPH nanocomposites 
was conducted using 1 M sodium hydroxide, 0.5 M acetic 

acid, and water steam as adsorbent recovery solutions [38]. 
For this purpose, 1 g of TiO2/SDS/DNPH nanocomposites, 
previously saturated with formaldehyde, were agitated 
with 50 mL of recovery solution and subjected to hot steam 
for 3 h, followed by ultrasonication for 5 min to desorb 
the formaldehyde from them. Adsorbents were separated 
by centrifugation and then washed with deionized water 
for 5 min. The formaldehyde removal performance of the 
regenerated adsorbent was measured in a new adsorption 
experiment. This adsorption–desorption cycle was repeated 
five times to test the reusability of the adsorbents.

3. Results and discussion

3.1. Morphological properties

The morphologies and microstructures of the prepared 
samples were observed by SEM and TEM images. SEM 
micrographs of titanium dioxide nanoparticles and their 
modified forms are shown in Fig. 1a and b. The micrographs, 
taken from the surface of samples, illustrate that particles 
are largely spherical, and the modified particles are slightly 
larger than the unmodified particles. The SEM results reveal 
that the resulting nanocomposites are spherical with an 
average diameter of 70–80 nm and no agglomeration. The 
larger size of the TiO2/SDS/DNPH nanoparticles indicates 
a good grafting of the TiO2 nanoparticles with the modi-
fier factor (Fig. 1b), which has been reported recently by 
Kianpour et al. [39]. TEM images of SDS-coated TiO2 mod-
ified with DNPH (Fig. 2) reveal that the average diameter 
of the prepared nanoparticles was below 100 nm, consistent 
with the SEM images. Furthermore, the coated core is visi-
ble, showing a good coating of TiO2 nanoparticles with SDS 
and grafting with DNPH. Indeed, SDS can bind to specific 
facets of the TiO2, and then the TiO2 core is coated with a 
monolayer of SDS. This SDS monolayer can hold the surface 
energy of the TiO2 nanocrystal facets. Attached SDS reduces 
the total surface energy of TiO2 nanocrystals by blocking 
the high energy facets [40,41].

3.2. Structural properties

The elemental composition of the prepared TiO2/SDS/
DNPH nanocomposite was identified by an EDX coupled 

Table 1
Factors under study along with their levels

Factor Level

Low High

A: Contact time (min) 60 210
B: pH 4 10
C: Adsorbent dosage (g/L) 0.5 1.5

Fig. 1. Scanning electron microscopy images of (a) titanium dioxide nanoparticles and (b) TiO2/SDS/DNPH nanocomposites.
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with SEM. The elemental analysis data (Fig. 3) confirmed 
the presence of carbon, titanium, oxygen, sodium, nitrogen, 
sulfur, and chlorine elements in the composition of the com-
pound. The presence of some oxygen in the composition is 
not surprising, since the occurrence of partial oxidation is 
inevitable [42]. The presence of some nitrogen was expected 
to enhance the absorption capacity of TiO2 for formaldehyde 
removal from water. The role of nitrogen in improving the 
absorption capacity of TiO2 was also reported recently by 
Li et al. [43].

The crystal structure of the TiO2 nanoparticles and the 
TiO2/SDS/DNPH nanocomposites was determined using 
XRD with 2θ diffraction angles varying from 5° to 70° (Fig. 4). 
TiO2 exhibits a characteristic sharp peak at 2θ = 25.402° cor-
responding to the plane spacing (d-spacing) of 0.351 nm 
[18,21]. Furthermore, the main diffraction peaks at (101), 
(103), (004), (112), (200) and (204) by comparison with the 
Joint Committee on Powder Diffraction Standards (JCPDS 
card, file No. 21–1272), are indexed to TiO2 anatase phase. 

Since the compounds grafted with TiO2 are organic, the 
XRD pattern of the TiO2/SDS/DNPH nanocomposite has the 
same pattern as for TiO2 [18].

FTIR was used to characterize the modification of the sur-
face amine of the prepared TiO2/SDS/DNPH samples (Fig. 5). 
In the nano-TiO2 spectrum, a strong and broad absorption 
band at 3,430.52 cm–1 shows a large amount of –OH on the 
nano-TiO2 surface. The absorption band at 1,629.16 cm–1 
is related to the Ti–OH bending vibration, and the absorp-
tion band at 713.06 cm–1 indicates the Ti–O–Ti stretching 
vibration [44,45]. A comparison between the FTIR spectra 
of the TiO2/SDS/DNPH nanocomposite and the spectra of 
the TiO2 nanoparticles indicates that the surface-modified 
TiO2 nanoparticles contained an N–H functional group due 
to the immobilization procedure. In the TiO2/SDS/DNPH 
spectrum, the strong and broad band at 3,200–3,500 cm–1 is 
referred to –OH stretching vibrations related to water (which 
should be in the range of 3,200–3,500 cm–1) or N–H symmet-
ric stretching vibrations (which should be in the range of 

Fig. 2. Transmission electron microscopy images of TiO2/SDS/DNPH nanocomposite (scale bar: 70 nm).

 
Pk/BgZAF A% W% Kr K Chi2 IntLine Element 
4.590.3301 1.09 0.560.00190.00341.3536 1.11 K C 

6.770.5676 15.12 9.070.05150.09431.376023.86 K N

44.740.116358.76 40.250.04680.08581.398367.02 K O 

2.090.27640.08 0.080.00020.00040.33521.03 K Na 

4.010.87941.59 2.180.01920.03511.836282.41 K S 

2.200.88350.09 0.130.00120.00221.86224.70 K Cl

71.090.890323.27 47.730.42490.77881.81491148.06 K Ti 

100 1000.54561.0000 Total 

Fig. 3. Energy-dispersive X-ray spectroscopy analysis of TiO2/SDS/DNPH nanocomposites.
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3,100–3,500 cm–1) [32,46]. Comparison between this absorp-
tion band in TiO2 and TiO2/SDS/DNPH spectrums illustrates 
the absorption of N–H in this area which is largely overlap-
ping with the adsorption of OH. The absorption bands at 
1,345–1,640 cm–1 also correspond to the bending vibration 
of the N–H group [17,32]. Shifting the Ti–O absorption band 
from 713.06 to 514.84–652.57 cm–1 is also indicative of the 
composition of Ti–O with other elements during the surface 
modification process [17].

3.3. Study of process parameters

The optimal condition to achieve maximum pollutant 
removal efficiency is important in the adsorption process. 
Using the initial concentration of 500 mg/L for formalde-
hyde, a set of experiments was carried out to check the effect 
of various process parameters, including contact time (60–
210 min), pH (4–10) and adsorbent dosage (0.5–1.5 g/L) on 
formaldehyde adsorption. Statistical analysis indicated that 
contact time and adsorbent dosage have interactive effects. 

Fig. 6 presents the comparison of formaldehyde uptake and 
the interactive effect of contact time and adsorbent dose 
on formaldehyde adsorption efficiency by modified and 
unmodified TiO2. As expected, increasing the contact time 
has improved the efficiency of formaldehyde adsorption due 
to the increased collision chance of formaldehyde with active 
sites on the adsorbent [35]. Further, the rapid adsorption at 
the initial contact time can be attributed to the availability of 
the reactive site of the adsorbent [36]. As time passes due to 
adsorbent saturation, approaching equilibrium and decreas-
ing formaldehyde concentration in solution, the removal rate 
does not change significantly [18]. The maximum adsorption 
efficiency achieved by unmodified TiO2 nanoparticles was 
81.8% at 135 min. The comparison of the results obtained 
showed that the maximum adsorption efficiency (94.6% 
at 135 min) obtained by modified TiO2 was approximately 
15.6% higher than the unmodified nanoparticle. This is due 
to the increased adsorbent surface and the high tendency of 
the nitrogen agent integrated with TiO2 to absorb formalde-
hyde [43]. Therefore, the grafting of nano-TiO2 with DNPH 
would greatly improve formaldehyde adsorption efficiency.

The pH of the solution is another important factor that 
should be considered in removal efficiency of formalde-
hyde using prepared adsorbent. The effect of pH on form-
aldehyde adsorption was investigated by changing pH from 
4.0 to 10.0 and also 2.8 and 11.2 as axial points in the CCD 
design, using 0.01–0.1 M NaOH or HCl (Fig. 7a and b). The 
experimental results showed that the maximum formalde-
hyde adsorption efficiency of nano-TiO2 was 81.8% at pH 7. 
At low pH, formaldehyde removal was decreased because 
of the competition between formaldehyde, a strong electro-
phile, and H+ ions for bonding on TiO2 nanoparticles active 
sites [47]. When using modified TiO2, under acidic condi-
tions, hydrogen ions (H+) protonated the nitrogen-contain-
ing functional groups of the TiO2/SDS/DNPH nanocompos-
ites, resulting in decreased adsorption of formaldehyde by 
these functional groups [17]. At pH values higher than 7.0, 
the removal percentage decreased significantly. Indeed, in 
alkaline conditions some aldehydes such as formaldehyde 
react with hydroxide anions (OH–) and produce alkoxide. 
This alkoxide lost its proton and converted into other inter-
mediate products [17]. These compounds probably have 
some absorption in spectrophotometry analysis. A compar-
ison of the obtained results showed that at pH 7 the max-
imum adsorption efficiency (94.6%) of modified TiO2 was 
about 15.6% higher than that of unmodified nanoparticles.

The effect of nano-TiO2 and TiO2/SDS/DNPH nanocom-
posites dosage and its interaction with time on formalde-
hyde removal are illustrated in Fig. 6c and d. The extent of 
formaldehyde removal increased by increasing the adsor-
bent dosage. Since the change in adsorption efficiency with 
adsorbent dosage is incremental, the formaldehyde adsorp-
tion process on TiO2/SDS/DNPH has not reached equilibrium. 
Therefore, a higher adsorption efficiency is possible by using 
more amounts of adsorbent. Using unmodified nano-TiO2, 
the highest adsorption efficiency was 81.8% with 1.7 g/L of 
adsorbent, respectively. It is noteworthy that due to their high 
surface-to-volume ratio, nanoparticles have a high adsorp-
tion capacity, so favorable results can be achieved in pollut-
ant elimination using very low amounts of nanoadsorbents. 
According to the Fig. 6c and d, adsorbent dosage and time 

Fig. 4. X-ray diffraction patterns of TiO2 and TiO2/SDS/DNPH 
nanoparticles.

Fig. 5. Fourier-transform infrared spectra of TiO2 and TiO2/SDS/
DNPH nanoparticles.
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Fig. 6. Effect of contact time on adsorption capacity of (a) TiO2 and (b) TiO2/SDS/DNPH nanoparticles. Interactive effects of 
contact time and adsorbent dosage on adsorption efficiency by (c) TiO2 and (d) TiO2/SDS/DNPH nanoparticles.

Fig. 7. Effect of pH on adsorption efficiency of (a) TiO2 nanoparticles and (b) TiO2/SDS/DNPH nanocomposites.
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have an incremental effect on adsorption efficiency. However, 
according to the F-values obtained in the statistical analysis, 
the effect of the adsorbent dosage on the adsorption perfor-
mance was much greater than that of time. The maximum 
formaldehyde adsorption efficiency of TiO2/SDS/DNPH nano-
composites was 94.6%, which was higher than the unmodified 
TiO2 with the same adsorbent dosage. This improvement in 
removal performance can be attributed to the formaldehyde 
reaction with nitrogen-containing functional groups on the 
surface of modified TiO2. A possible mechanism for the form-
aldehyde adsorption is reaction of formaldehyde with the 
amine group to produce new imine group [17,48]:

R NH HCHO R N CH H O2� � � � � �2 2  (4)

According to Eq. (4), if formaldehyde reacts with the 
amino groups on the surface of the TiO2, the amount of 
formaldehyde adsorbed onto the modified nano-TiO2 could 
increase significantly [30]. Some important aspects of the 
efficient removal of formaldehyde can be discussed further. 
First, the active hydrogen atom of the adsorbent might react 
with formaldehyde to form alcohol. Moreover, nitrogen 
atoms in the TiO2/SDS/DNPH structure possess a partially 
negative charge for their strong electronegativity, while the 
formaldehyde carbon atom shows a slightly positive charge 
for its weaker electronegativity than the oxygen atom. So, the 
nitrogen atoms in the TiO2/SDS/DNPH structure and carbon 
atom in the carbonyl of formaldehyde attract each other for 
the electrostatic gravitation, leading to better formaldehyde 
adsorption capacity onto TiO2 [17].

3.4. Adsorption isotherms

Parameters obtained from equilibrium models can pro-
vide useful information on the sorption mechanism, surface 
properties, and affinity for an adsorbent [49]. The adsorp-
tion capacity for formaldehyde on the prepared TiO2/SDS/
DNPH adsorbents was tested using solutions with five 
varying concentrations of formaldehyde. The adsorption 
of formaldehyde from all these solutions was carried out 
under the optimum conditions obtained from the study of 
process parameters. The data were recorded at equilibrium 
conditions. Langmuir, Freundlich, and Temkin adsorption 
isotherms were used to describe the equilibrium characteris-
tics of adsorption. The Langmuir isotherm is the most widely 
used equation that is valid for monolayer adsorption with a 
constant energy, and there is no transmigration of adsorbate 
in the plane of the adsorbent surface [50]. Its nonlinear and 
linear forms are expressed as:

q
q K C
K Ce

m L e

L e

�
�1

 (5)

C
q

C
q K q

e

e

e

L

� �
max max

1  (6)

Eq. (6) can be rearranged to obtain other different linear-
ized types such as [51,52]:

1 1 1 1
q K q C qe L e

� �
max max

 (7)

where qmax is the maximum adsorption capacity at a mono-
layer (mg/g), Ce is the concentration of formaldehyde at 
equilibrium, qe is the adsorption capacity at equilibrium 
(mg/g), and KL is the Langmuir constant representing the 
affinity of binding sites (L/mg). A linear plot of 1/qe vs. 1/Ce 
gives qmax and KL. One of the essential characteristics of the 
Langmuir isotherm is a dimensionless constant of separa-
tion factor or equilibrium parameter, RL, which is given by:

R
K CL
L

�
�
1

1 0

 (8)

where C0 is the initial concentration of formaldehyde. If 
0 < RL < 1, then it indicates favorable adsorption, while RL > 1, 
RL = 1, and RL = 0 indicate unfavorable, linear, and irreversible 
adsorption isotherms [19]. Another widely used isotherm is 
the empirical Freundlich equation, which is based on sorp-
tion on a heterogeneous surface [53]. The heat of adsorption 
decreases in magnitude with increasing extent of adsorption. 
If the decline in heat of adsorption is logarithmic, it implies 
that adsorption sites are distributed exponentially with 
respect to an adsorption energy that differs between groups 
of adsorption sites. The Freundlich equation is known as:

q K Ce F e
n= 1/  (9)

So, the linear form of the Freundlich isotherm is:

ln ln lnq K
n

Ce F e� �
1  (10)

where KF and n are the Freundlich constants representing 
sorption capacity (mg/g) and intensity, respectively. KF and 
n can be determined from a linear plot of lnqe against lnCe 
[49]. Freundlich parameter n relates to the surface heteroge-
neity; values of n > 1 representing favorable adsorption con-
ditions; while n < 1 indicates that adsorbate is unfavorably 
adsorbed on an adsorbent [54]. The Temkin isotherm con-
sidered the effects of indirect adsorbate/adsorbent interac-
tions on adsorption isotherms [55]. The heat of adsorption 
of all the molecules in the layer would decrease linearly with 
coverage due to adsorbate/adsorbent interaction [19,56]. 
The Temkin isotherm is given as:

q B K Ce T T e� � �ln  (11)

With linearized form as:

q B K Ce T T e� � ln  (12)

where KT is the constant of Temkin isotherm (L/g) and BT is 
the Temkin isotherm constant related to the heat of adsorp-
tion (kJ/mol). The linear plots of these isotherms are shown 
in Fig. 8. The parameters of the three isotherms are listed 
in Table 2.

Based on the calculated correlation coefficients, the 
Langmuir isotherm was more suitable for the estimation 
of formaldehyde removal from the aqueous solution using 
TiO2/SDS/DNPH with a maximum adsorption capacity of 
51.282 mg/g (Fig. 8a). The qmax parameter of this model could 
be the representative adsorption capacity of the adsorbents. 
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As mentioned in the FTIR result, formaldehyde can be 
adsorbed on the surface sites of an adsorbent by interacting 
with amine groups on the adsorbent. Thus, the qmax of the 
sample depended on the number of amine groups or the 
length of the amino chain [54]. The RL values in the study 
were found to be 0.757–0.939, indicating that this adsorption 
process is favorable. The favorable Langmuir isotherm is 
also tested further from its RL which is favorable as in the 
case for formaldehyde adsorption on TiO2/SDS/DNPH. The 
basic assumption of Langmuir isotherms is that adsorption 
takes place at specific homogeneous sites and a monolayer 
coverage of the adsorbate on the outer surface of the adsor-
bent will be created, so once formaldehyde occupies this 
site, no further adsorption can take place at this site. It also 
assumes that intermolecular forces decrease rapidly with 
distance from the adsorption surface [19]. The Freundlich 
model (Fig. 8b) was investigated for adsorption capacity (KF) 
and adsorption intensity (n). The KF value calculated from 
the intercept was 34.456 mg/g, showing that formaldehyde 
is highly adsorbed on modified TiO2 nanoparticles and the 
easy separation of formaldehyde from the aqueous solu-
tion. The adsorption intensity (n) of formaldehyde on the 
adsorbents showed values greater than unity, representing 
favorable adsorption conditions [54]. The Temkin adsorp-
tion isotherm was used to estimate the adsorption poten-
tials of formaldehyde adsorbents (Fig. 8c). The high value 
of BT (0.8365 kJ/mol) related to the heat of formaldehyde 
adsorption onto the adsorbent indicates a strong interaction 
between formaldehyde molecules and the surface sites on 
the pores of the adsorbent.

3.5. Adsorption kinetics

The study of adsorption kinetics is important in order to 
determine the uptake rate of the adsorbate at the solid-phase 
interface [19]. Adsorption kinetic experiments were carried 
out at an initial concentration of 500 mg/L as a function of 
contact time to determine the necessary equilibrium time 

of adsorption. It was found that the adsorption rate is rapid 
at the initial stages and reaches equilibrium after 245 min 
(Fig. 9).

Pseudo-first-order, pseudo-second-order, and intrapar-
ticle diffusion models were used to describe the adsorption 
kinetic data. The pseudo-first-order equation of Lagergren 
and its integrated form are given by:

dq
dt

K q qt
e t� �� �1  (13)

ln ln
.

q q q
k

te t e�� � � � 1

2 303
 (14)

The pseudo-second-order equation assumes that the 
rate-limiting step is chemisorption in nature. The mech-
anism may involve valence forces by sharing or by the 
exchange of electrons between the adsorbent and the adsor-
bate. This kinetic equation and its integrated form are 
given as follows:

      Fig. 8. Equilibrium isotherms for adsorption of formaldehyde onto TiO2/SDS/DNPH nanocomposites: (a) Langmuir, (b) Freundlich, 
and (c) Temkin.

Fig. 9. Formaldehyde concentration as a function of contact 
time for adsorption onto TiO2/SDS/DNPH nanocomposites at 
initial concentration of 500 mg/L and 1.1 g/L of adsorbent at 
pH 7.4 (the optimum conditions).

Table 2
Isotherm parameters for formaldehyde adsorption on TiO2/SDS/DNPH

Langmuir parameters Freundlich parameters Temkin parameters

qmax (mg/g) KL (L/mg) RL R2 n KF (mg/g) R2 KT (L/g) BT (kJ/mol) R2

51.282 6.41E-04 0.757–0.939 0.999 1.166 34.456 0.9969 0.0052 0.8365 0.9533
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dq
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2
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where qe and qt are the adsorption capacities of formalde-
hyde (mg/g) at equilibrium and time t, respectively; k1 (min–1) 
and k2 (g/mg·min) are the rate constants of first-order and 
second-order, respectively. According to Eq. (14), the plot of 
ln(qe – qt) vs. t gives a straight line with a slope of –k1 and an 
intercept of lnqe. From Eq. (16), the plot of t/qt vs. t gives a 
straight line with a slope of 1/qe and an intercept of 1/(k2·qe

2). 
The rate constant of intraparticle diffusion Kdiff was calcu-
lated by using the following equation:

q K t Ct � �diff
1 2/  (17)

where qt) mg/g) is the amount adsorbed at time t and t1/2. 
The adsorption kinetic plots are shown in Fig. 10, and the 
related parameters calculated from the three models are 
listed in Table 3. The values of the correlation coefficients 
(R2) clearly indicated that the adsorption kinetics closely 
followed the pseudo-first-order model rather than other 
models. Moreover, the calculated equilibrium adsorption 
capacity value, qe,cal, was closer to the experimental value of 
qe,exp in the pseudo-first-order model.

3.6. Adsorption thermodynamics

Three important thermodynamic parameters that should 
be considered and determined in adsorption processes 
are standard Gibbs free energy (ΔG°), standard enthalpy 
(ΔH°), and standard entropy (ΔS°) [57,58]. Values of (ΔH°) 
and (ΔS°) were calculated by using the following equation:

lnK S
R

H
RTd �

�
�

�� �  (18)

K
q
Cd
e

e

=  (19)

where R is the ideal gas constant 8.314 (J/mol·K), T is 
the temperature of the solution, and Kd is the ratio of the 
amount of the adsorbed formaldehyde to that of the solu-
tion [59]. ΔH° and ΔS° were derived from the slope and 
intercept of the linear equation of lnKd as a function of 1/T. 
Also, ΔG° were calculated by using the following equation:

�G RT KL� � � ln  (20)

According to the adsorption thermodynamics, ΔH°, ΔG°, 
and ΔS° were calculated as –26.1, –5.6, and –63.2 (kJ/mol), 
respectively [60]. Negative values obtained for ΔH°, ΔG°, and 
ΔS° show that the reaction is exothermic and spontaneous 
at room temperature, which has been reported previously 
in other studies [61–63].

3.7. Regeneration of adsorbent

In multiple cycle adsorption–desorption tests, formal-
dehyde adsorption was performed with an initial formal-
dehyde concentration of 500 ppm and 1.1 g/L of TiO2/SDS/
DNPH at pH 7.4 (the optimum conditions). The results indi-
cated that the adsorption efficiency decreased after each 
adsorption–desorption cycle for all washing solutions. This 
decrease was very slight for the NaOH solution. There was 
no significant difference during the five adsorption–regen-
eration cycles (Fig. 11). The first regenerated TiO2/SDS/
DNPH nanocomposites could remove 96% formaldehyde 
(only 0.21% less than the fresh adsorbent) and 93.7% after 

 

Fig. 10. Adsorption kinetic of formaldehyde onto TiO2/SDS/DNPH nanocomposites: (a) pseudo-first-order kinetic, (b) pseudo- 
second-order kinetic and (c) intraparticle diffusion.

Table 3
Kinetic model parameters for adsorption of formaldehyde onto adsorbent at initial concentration of 500 mg/L

C0 
(mg/L)

qe,exp 
(mg/g)

Pseudo-first-order Pseudo-second-order Intraparticle diffusion

qe1 (mg/g) k1 (min–1) R2 qe2 (mg/g) k2 (g/mg·min) R2 Kid (mg/g·min0.5) C R2

500 439.0909 964.683 0.063 0.9969 1,428.57 1.535E-06 0.3267 0.0247 3.194 0.9013
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regeneration 5 times. Therefore, the obtained results confirm 
that the majority of adsorbent can be recycled.

3.7. Optimum conditions

Analysis of the results by Design–Expert software showed 
that the quadratic model was statistically well matched to the 
obtained data for formaldehyde removal by TiO2 nanopar-
ticles before and after grafting with DNPH. Design–Expert 
software has been used to determine the optimal elimination 
conditions within the tested range. The predicted and exper-
imental optimum conditions for formaldehyde removal by 
TiO2/SDS/DNPH together with the maximum adsorption 
value, are illustrated in Table 4.

4. Conclusions

The functionalized TiO2/SDS/DNPH nanocomposites 
developed with an average size of 70–80 nm were success-
fully used for formaldehyde removal from water up to 96.2% 
under optimum conditions. EDX and FTIR analysis con-
firmed the formation of TiO2/SDS/DNPH and the presence 
of N–H functional groups on the surface of the adsorbent. 
The adsorption efficiency of modified TiO2 for formalde-
hyde was found to be 15.65% higher than that of unmodified 
TiO2. Therefore, the combination of nano-TiO2 with DNPH 
would greatly improve formaldehyde adsorption efficiency. 
According to experimental data, formaldehyde adsorp-
tion by TiO2/SDS/DNPH followed the Langmuir isotherm. 
Adsorption of formaldehyde onto TiO2/SDS/DNPH obeyed 
the pseudo-first-order kinetic model at initial concentration 

of 500 mg/L. According to the adsorption thermodynamics, 
ΔH°, ΔG°, and ΔS° were calculated as –26.1, –5.6, and –63.2 
(kJ/mol), respectively, showing that the reaction is exother-
mic and spontaneous at room temperature. The optimum 
conditions predicted for maximum formaldehyde removal 
by TiO2/SDS/DNPH nanocomposites were adsorbent dos-
age 1.100 g/L, pH 7.424 and the contact time 183.290 min. It 
was concluded that the surface-modified nano-TiO2 can be 
considered a new and efficient agent to remove formalde-
hyde from water.
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