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AbstractPhenols constitute a widespread class of water pollutants that are generated from many industries and are
known to cause a significant threat to the aquatic environment. Phenols are, therefore, considered as dangerous pollut-
ants by global international quality organizations. This has led to a growing demand for an efficient technology for phe-
nol removal from wastewater. Different sizes of amino-modified silica nanoparticles (SiNPs) were synthesized with 10-
40 nm in diameter (AMS-10 to 40), and their properties were characterized in terms of size and surface modification
using transmission electron microscope (TEM), dynamic light scattering (DLS), zeta potential, elemental analyses (C, H,
N), thermal gravimetric analysis (TGA) and Fourier transform infra-red (FTIR). The adsorption process was carried out
utilizing batch mode experiment; the influence of various factors including pH of the medium, the contact time, the ini-
tial concentration of the adsorbate and the dose of the adsorbent on the phenol adsorption efficiency of SiNPs of vari-
ous sizes were investigated. Phenol removal efficiency was found to be size-dependent, such that the phenol adsorption
capacity of the SiNPs was in the following order: AMS-10>AMS-20>AMS-30>AMS-40 nm. The adsorption capacity
and binding coefficient were calculated to be 35.2 mg/g and 0.192 mg/L, respectively, for AMS-10. The amino-modified
SiNPs were found to be promising adsorbents for the phenol ions removal from the aqueous medium.
Keywords: Silica Nanoparticles, Surface Modification, Phenol Removal, Water Treatment

INTRODUCTION

Phenols are one of the major constituents of industrial wastewa-
ter that are related to coal gasification, pharmaceuticals, gasoline,
plastic, disinfectant, rubber proofing, and steel industries as well as
agricultural run-off and domestic wastewaters [1]. There has been
increasing interest in the toxicological and environmental effects of
organic compounds, especially phenolic pollutants due to their wide-
spread occurrence and relative frequency in the aquatic environ-
ment [2,3]. Due to the stability and high solubility of phenolic com-
pounds in water, these compounds pose a potential toxicity threat
to aquatic organisms through accumulation in their food chains.
Typically, contaminated waters from industrial discharge usually
contain phenol in concentrations ranging from 0.1-6, 800 mg/L [4].
The acceptable level of phenol in surface water should limited to
3.5 mg/L to protect people from drinking contaminated water [5].
Because of their toxic characteristics as well as their possible bio-
degradation, phenolic compound removal from contaminated water
is vital [6]. Attention has been paid to the development and imple-
mentation of environmentally and economically efficient techniques
of phenolic compounds removal from wastewater.

Several adsorption techniques have been utilized for water puri-

fication based large-scale adsorption approaches. These technolo-
gies have a great impact in wastewater treatment such as reverse
osmosis [7,8], membrane separation [9,10], electrochemical oxida-
tion [11], solvent extraction [12], bioremediation [13,14], wet air
oxidation [15,16], photo catalytic degradation [17,18] and chemi-
cal coagulation [19]. Furthermore, the production of an economic,
efficient and instant water treatment at a large scale has attracted
more attention. Among these techniques, solid phase extraction
(SPE) has been increasingly utilized as a simple route for removal
of pollutants. The massive development of SPE has led to utilizing
numerous types of materials or nanomaterials as solid phase ex-
traction materials. SPE has been applied to numerous types of matri-
ces such as serum, blood, urine and oil [20]. Also, the SPE tech-
nique proceeds based on several types of mechanisms such as
electrostatic, cation-anion interaction and hydrogen bonding. SPE
is one of the best choices for wastewater treatment. It involves the
ability of certain nano, micro or coarse sized solid materials to ac-
cumulate specific molecules onto their surfaces from solution per-
fectly. Several parameters have been investigated for optimizing
the utility of nonconventional adsorbents in the treatment process
of wastewater, including (a) adsorbate and adsorbent nature, (b)
concentration of the adsorbate, (c) adsorbent dose, (d) contact time,
(e) solution pH, and (f) particle size of adsorbent [21]. Thus, vari-
ous non-conventional adsorbents like sawdust, rice husk ash, char-
coal, fly ash and numerous types of fibers have been studied [22].

Different adsorbents such as biosorbents [23], zeolites [24], acti-
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vated carbon [25], carbon nanotubes [26], clays [16], different poly-
mers [27,28], ordered mesoporous carbon [29], synthetic resins
[30,31], hollow mesoporous carbon spheres [31], and amine-mod-
ified mesoporous silica [32] have been recently studied. However,
all of these have some disadvantages, such as the formation of toxic
by-products in the aquatic environment. Despite the various adsor-
bent materials widely used for phenol removal, treatment using sil-
icates or polymers offers an effective method for pollutant removal
such as phenol from wastewater. Silicate particles show many advan-
tages over other types of materials due to their high purity, enor-
mous surface area, high adsorption capacity and ease of manufac-
turing [33]. Therefore, adsorption-based phenol removal remains
one of the best treatment choices as it can commonly remove all
phenol compounds in a very straightforward way.

Low cost and economic systems are needed for synthesis of sil-
ica nanoparticles (SiNPs) in addition to inert properties, safe use
and resistant to bio-environment, making it a promising candidate
and efficient adsorbent material to use in removal of toxic and waste
compounds. These specified silica nanoparticles have not been
used as adsorbent materials for phenol removal. Furthermore, (SiNPs)
combine various beneficial properties such as excellent permeabil-
ity [34], superior mechanical strength [35] and high chemical [36]
and thermal stability [37]. Furthermore, their high surface area and
surface activity increase their chance to efficiently remove toxic and
harmful pollutants from the environment [38]. These biocompati-
ble SiNPs are, therefore, used to remove chlorine, pesticides and
heavy metals from water [39,40]. The diminutive size of the SiNPs,
commonly up to 40 nm, results in a diverse surface area per unit
volume, which renders them as spontaneous and highly reactive
compounds compared to their micro or coarse sizes [41].

The present work’s aim is to introduce and study amino func-
tionalized SiNPs for phenol removal from aqueous solution. These
particles were synthesized with different sizes (10-40 nm), and the
resulting plain nanoparticles were modified to enhance the ad-
sorption capability of the particles [42,43]. The influence of the par-
ticle size was investigated on phenol removal process. The removal
efficiency of the different-sized SiNPs, 10-40 nm, showed signifi-
cant variation towards phenol compounds due to alteration of sur-
face area per unit volume. The amino modification of the SiNPs
surface improves the surface characteristics, makes the particles
more powerful, and raises the removal efficiency. Concerning other
types of nanomaterials, SiNPs can be utilized to remove phenol
from wastewater and reduce potential harm to the environment.
The synthesized SiNPs showed very promising behavior in the
phenol removal process from aqueous media using batch adsorp-
tion experiments. Therefore, they can be used with other pollut-
ants to clean up other contaminants from water by SiNPs.

MATERIALS AND METHODS

1. Chemicals
All reagents were purchased from Sigma-Aldrich, and used with-

out any purification. All solutions were prepared using bi-distilled
water. Tetraethyl orthosilicate (TEOS 98%), APTS (3-Aminopropyl)
trimethoxysilane with purity 97%, ammonium hydroxide solution
33% (NH3) were purchased and used as received from the Sigma

Aldrich Company. Standard stock solutions of 1,000mg L1 of phe-
nol were prepared in bi-distilled water and stored in brown glass
bottles at 4 oC in the refrigerator. The working solutions were pre-
pared from an aqueous phenol stock standard solution by diluting
with bi-distilled water to the required concentrations.
2. Synthesis of Amino Functionalized Silica Nanoparticles

The amino modified SiNPs were synthesized by Stöber et al.
[44], followed by seed growth technique. A solution mixture of 40
mL ethanol, 1 mL bi-distilled water and 1 mL of ammonia solu-
tion (25%) was prepared by stirring at 40 oC, for about 15 minutes,
and after that 1.25 mL TEOS was added to the solution with slow
stirring for 3 h at the same temperature. Then, 1 mL TEOS was
added to the mixture and the stirring was continued for further
30 minutes. For introducing the amino groups to the nanoparticles
surface, 100L of APTS was combined with the reaction mixture
and stirred for another 3 h under the same stirring rate, 150 rpm,
at 40 oC. The resulting colloidal solution was cooled to room tem-
perature and matured for at least eight days to allow the particles
to grow symmetrically [45].

To get efficient reproducibility of SiNPs batches, the reaction tem-
perature and the stirring rate should be kept constant. Additional
times of the precursor to the resulting solution are essential and criti-
cal. Moreover, the time intervals between TEOS portions should
be kept to an accurate time schedule as illustrated. The nanoparti-
cle growth period should be constant for all batches within the
range of 8-9 days.
3. Growth Control of Silica Nanoparticles

Different size amino-SiNPs were synthesized utilizing different
portions of TEOS and bi-distilled water. The size and reactant con-
centrations are summarized Table 1.
4. Materials Characterization

Different techniques were used to characterize the modified
SiNPs based on their size and surface modification. Transmission
electron microscopy (TEM) was performed on TEM; in order to
prepare SiNPs samples for TEM analysis, centrifugation and wash-
ing cycles is dispersed in absolute ethanol and a drop of silica sus-
pension was transferred to the surface of a copper grid coated with
carbon. The grid was left at room temperature for complete sol-
vent evaporation, leaving only SiNPs on the grid surface. Operating
at an acceleration voltage of 200 kV, the magnification used reached
×40,000 in order to view the small nanoparticles 40 nm in diame-
ter and smaller. Images were taken for both a distant/perspective
view and high magnification images of individual nanoparticles.
Particle sizes and zeta potentials were characterized by dynamic
light scattering (DLS) [46]. It can detect the particle sizes within
range of from 0.6 nm to 6m; the studied nanoparticles were sus-

Table 1. The reactants concentrations of modified SiNPs

Sample Size
(nm)

Water
(mL)

TEOS (mL) addition
1st Portion 2nd P.

AMS-10 10 nm 2 2.25 1.25
AMS-20 20 nm 1 1.25 1.00
AMS-30 30 nm 1 2.00 1.25
AMS-40 40 nm 1 3.00 1.25
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pended in buffered aqueous medium at pH 6. Fourier transmis-
sion infra-red (FTIR) analysis was carried out on a Jasco FTIR-
4100 Jasco-Japan instrument [47]. Elemental analysis was by using
vario EL III Element Analyzer.
5. Batch Adsorption Experiments

To investigate the influence of different factors such as initial con-
centration, pH, contact time and adsorbent dose on the adsorp-
tion capacity of phenol onto SiNPs, all experiments based batch
adsorption was performed in 40 mL stoppered conical flasks by
wetting 25 mg of the SiNPs into 25 mL of aqueous solution, includ-
ing phenol, then mechanically shaken in the dark at room tempera-
ture 25±2 oC. Batch experimental procedures were used to detect
the influence of solution pH within range (3-10) on the phenol re-
moval efficiency by SiNPs, and the pH values were appropriately con-
trolled with 0.1 M HCl or NaOH solution and measuring the pH
with standardized pH meter. 25mg of SiNPs was added to the aque-
ous solution containing 10, 20, 30 and 40 mg/L phenol in 100 mL
Erlenmeyer flasks to investigate the influence of various phenol
concentrations on the SiNPs adsorption efficiency (Scheme 1).

To investigate the influence of contact time, procedures of batch
experiments were varied using the following shaking time inter-
vals--1, 6, 12, 18 and 24 h--in the dark at neutral pH medium of
7.0, while the other factors including adsorbent dosage and initial
concentration of phenol were maintained at constant values. The
adsorption capacity of SiNPs to degrade phenol from aqueous solu-
tion was determined. The sorbent materials with the following con-
centrations (0.01, 0.02, 0.03, 0.04 and 0.05 g/25 mL) were used to
investigate the sorbent dosage effect, and the other factors includ-
ing pH, phenol concentration and contact time were kept constant.
At the end of the adsorption process, measurements of the resid-
ual phenol concentrations in each solution were carried out with

colorimetric methods using VIS/UV Spectrophotometer-19 (SCO-
Tech, Germany) [48].

The adsorption of phenol from water into SiNPs was studied
based on the difference in initial and final concentrations, respec-
tively, when the equilibrium of adsorption process was established.
To detect the efficiency of repeatability significantly, all the experi-
ments were in triplicate and the obtained data were verified for
reproducibility with error bars less than 5% in uptake. Negative con-
trols (with no adsorbent) were concurrently achieved to investigate
phenol ion deficiency through the adsorption. The removal effi-
ciency percentage (E %) of phenol from aqueous solution based
SiNPs was estimated utilizing the following equation:

where:

Co: the initial concentrations, and Ce: the final concentrations of
phenol in aqueous solution.

The adsorption capacity of phenol into SiNPs was estimated using
the following equation:

where q is the phenol quantity adsorbed in presence of the SiNPs
expressed in mg/g. Co and Ce are the initial and final equilibriums
of phenol concentrations, respectively. ms and V are weight of
SiNPs and volume of solution, respectively.
6. Adsorption Isotherm Models

To determine the equilibrium relationship between the sorbate
amount adsorbed on the surface of adsorbent and its equilibrium

E %  
Co  Ce

Co
---------------- 100

qt  
Co  Ct V

ms
------------------------

Scheme 1. Schematic of the phenol removal process using different size of amino modified SiNps.
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concentrations in the aqueous medium under a constant tempera-
ture, adsorption isotherm studies were carried out at equilibrium
conditions. The current adsorption data of phenol was studied by
the Langmuir and Freundlich models according to the following
equations:

where: Qe (mg/g), amount adsorbed (mg/g). Ce (mg/L), equilib-
rium concentration of phenol in the liquid phase; Qmax (mg/g), max-
imum adsorption capacity. KL, Langmuir constant. Kf and n are the
Freundlich constants.

RESULTS AND DISCUSSION

1. Synthesis of the Different Size SiNPs
Recently, silane precursor (TEOS) was used to prepare SiNPs by

either the Stöber method or microemulsion method (water in oil
w/o) [44,49]. The silicate precursor in both methods undergoes
hydrolysis, which results in the growth of the nanoparticles. In case
of the microemulsion method, a surfactant and oil are used to form
the micelles. To obtain the nanoparticles, several cycles of wash-
ing-centrifugation are necessary. These washing cycles can lead to
an aggressive aggregation. However, the Stöber method was cho-
sen, in this study, for the synthesis of SiNPs, as it does not need to
use surfactant or oil.

The surface modification of SiNPs is normally accomplished by
reacting the nanomaterials with the silane precursor in toluene

solution under reflux [42]. However, this was found not to be suit-
able for the formation of mono-dispersed particles due to forma-
tion of particle aggregates. Therefore, the one-pot method, which
is based-on Stöber method, was used to synthesize the nanoparti-
cles and to decrease the probability of particle aggregates. The meth-
odology of the synthesis process was conducted on three stages:
formation of nanoparticle seeds, addition of TEOS to the solution
in order to form the shell surrounding the seeds, and finally intro-
ducing the silane active group.

According to the synthesis mechanism, base-catalyzed nucle-
ation takes place via the condensation process of silicic acid into
oligomeric chains. Moreover, these chains will combine, forming
larger particles. Thus, the condensation process happens in a very
short time with a high reaction rate in a single step. Also, the reac-
tion goes from Si-OR without formation Si-OH in a separate step.
Ammonia provides hydroxyl groups in an aqueous medium, which
facilitates the condensation process through increasing the hydro-
gen bonds in the nucleation medium. With respect to ethanol and
water and in presence of ammonia, water has the tendency to ionize
faster than ethanol. Thus, nucleation will occur with bigger mole-
cules in the presence of high water concentration but with less order
of crosslinking. With increasing the ethanol concentration, this forms
a smooth surface with more order of crosslinking. Finally, ammo-
nia plays an important role as a source for hydroxyls, which con-
siderably quenches the ionization energy, thus permitting for the
production of more hydroxyls from ethanol and water ionization.
Therefore, there is no other influence from the base and offers sig-
nificant stability, as the number of hydroxyls on the surface of
nanoparticles is dependable for particle stability not related to am-
monia. Silica nanoparticles were synthesized based on other types
of base [50].

Ce

Qe
------  

1
QmaxKL
-----------------  

Ce

Qmax
-----------

LogQe  Kf  
1
n
---LogCelog

Fig. 1. Transmission electron microscopy images and differential light scattering DLS of amino modified SiNPs showing ((a), (b), (c) and (d))
images that represent AMS-10, AMS-20, AMS-30 and AMS-40, respectively.
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Therefore, the concentrations of the ammonia and the ethanol
(solvent) were kept constant, while the precursor/water ratio was
varied during the synthesis of different types of SiNPs. Under such
conditions, we managed to synthesize different sizes of SiNPs by
varying the concentration of TEOS. Note that increasing the pre-
cursor concentration accelerated the nucleation process, yielding
SiNPs with larger diameter: AMS-10, AMS-20 and AMS-30. How-
ever, upon increasing the molar concentration of water, the nucle-
ation reactions (hydrolysis) were found to be preferred over the
condensation reactions (growth). This, collectively, led to accelerat-
ing the growth rate of silica nano-seeds and led to a preferential
synthesis of larger nanoparticles (AMS-40).
2. Characterization

The TEM images of SiNPs, shown in Fig. 1, indicate mono-dis-
persed amorphous nanoparticles with approximate size range of
10, 20, 30 and 40 nm. This is further supported by the differential
light scattering (DLS) measurements, showing characteristic peaks
within the same size range. Also, the small values of PDI (poly dis-
persion index) of all different modified silica nanoparticles indi-
cate that all the samples are monodispersed (Fig. 1). Moreover, zeta
potential measurements [42] showed that the surface charge of
plain SiNPs was modified at pH 6 by introducing amino groups.
Plain SiNPs are negatively charged at pH 6 due to the presence of
dissociated silanol groups. The value of zeta potential of the plain
particles was 28.7 mV. In contrast, the zeta potential value of
amino modified SiNPs was found to be +28.9, +35.3, +39.3 and
+46.1 mV for AMS-40, AMS-30, AMS-20 and AMS-10 respec-
tively, due to the existence of positively charged amino groups at
the particles’ surface. This is evidence for the increasing of attached
amino groups to surface of nanoparticles with decreasing particle
size and consequently increasing surface area.

Conventional elemental analysis C, H, N was utilized to detect
the chemical composition of SiNPs surfaces. The appearance of a
definite amount of hydrogen in the plain sample, Table 2, is clearly
related to adsorbed water molecules at the surface. In the modi-
fied sample, however, the presence of a definite amount of nitro-
gen provides evidence that the APTS have spontaneously reacted
to the silanol surface group of the silica nanoparticles. Also, the
existence of a significant percentage of carbon on the surface of
amino modified silica nanoparticles is indicative of the presence of
alkyl groups bound to the surface. Moreover, the nitrogen and car-

bon content on the surface of the silica nanoparticles decreased
with increasing the size of the nanoparticles. This could be attributed
to the increment of the surface area of the nanoparticles with de-
creasing the size, and this provided greater probability for attach-
ing amino groups to the nanoparticle surface.

The characteristics of the amino modified SiNPs were also proved
utilizing FTIR analysis, Fig. 2(a). Comparing the FTIR of plain
and modified SiNPs reveals a (NH2) at 1,580 cm1 with a (C-H)
weak bands at 2,700 cm1 in the modified particles. TGA analysis
shows that the weight loss in case of modified nanoparticles is higher
than that in case of plain particles. Besides, the weight loss of the
modified particles decreased gradually with increasing the particle
size, as shown in Fig. 2(b). Thus, the TGA and elemental analyses
deliver insightful information about the surface modification of
silica nanoparticles by amino groups and how this process depends
on size and surface area of the synthesized nanoparticles. These
behaviors indicate the presence of the carbon chain of the APTS
group which is cross-linked to the inorganic silica matrix of the
modified particles.
3. Adsorption Process
3-1. Contact Time Effect

The effective sorption time spent in adsorbate-adsorbent inter-
action is one of the critical parameters that define the efficiency of
adsorption. To investigate the effect of contact time on the maxi-
mum uptake of phenol ions by SiNPs, the removal experiment was
carried out as a function of contact time (1-24 h), while keeping
pH, initial concentration and adsorbent dosage constant at 7, 10
mg/L and 1 mg/1 mL respectively. To ensure reproducibility, the
experiment was carried out in triplicate. A gradual increase of the
removal % of phenol was observed as the contact time increased
from 1 h to 18 h, Fig. 3. Notably, no further increase was observed

Table 2. Elemental characterization of silica nanoparticles
SiNPs type % C % H % N % S
Plain particles 0.28±0.010 0.19±0.030 Nil 0.00
AMS-10 5.04±0.010 0.90±0.043 1.04±0.035 0.00
AMS-20 4.32±0.010 0.78±0.035 0.89±0.030 0.00
AMS-30 3.91±0.010 0.70±0.030 0.81±0.032 0.00
AMS-40 3.72±0.010 0.66±0.038 0.74±0.034 0.00

Fig. 2. FTIR and TGA analyses of SiNPs (a) plain NPs and (b) amino-modified NPs.
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at longer times. Adsorption rate of phenol ions on SiNPs was found
to be in good agreement with previous studies for some adsorbents
[23,51]. Bromophenol adsorption onto carbonaceous adsorbents
resulting from solid fertilizers waste was conducted by Bhatnagar
[52] and reached equilibrium after 8 h. This behavior can be attri-
buted to the presence of enough vacant adsorption sites on the
adsorbent during the first 18 h of adsorption, which is the time
required to reach the adsorption equilibrium point. At this stage,
the active sites on the adsorbents surfaces became saturated, and no
more removal of the phenol ions from the aqueous media was car-
ried out [53]. Furthermore, the adsorption efficiency of the AMS-
10 sample was higher than other adsorbents at the same contact
time. The increase in contact time, after approximately 12 h, led to
a sharp increase in the removal efficiently of phenol ions on AMS-
10. This behavior may also be due to the smaller average size of
the AMS-10 sample with a higher surface area of adsorbent and

total pore volume. This could be attributed to the phenol ions going
deeper into the surface pores and consequently diminishing the
boundary layer resistance of the silica layer [54].
3-2. Study of the Effect of Solution pH

The pH value of solution is an essential variable in the adsorp-
tion capacity of phenol from wastewater. Fig. 4 shows the effect of
pH of solution on the adsorption efficiency of phenol by SiNPs at
pH values ranging between 3 and 10, while keeping other factors
such as adsorbent dosage, contact time and initial concentration
constant at 1 mg/1 mL, 18 h and 10 mg/L, respectively. To assess
reproducibility, the experiment was performed in triplicate. Since
phenol and SiNPs could be chemically altered at pH higher than
10, pH values 3-10 were only considered. Thus, study in this sec-
tion aimed to find the optimal pH that gives the highest possible
adsorption efficiency of modified SiNPs for removing phenol from
aqueous medium. We found that the adsorption efficiency of phe-
nol by SiNPs is significantly dependent on the solution pH such
that decrease in the adsorption efficiency is observed above pH 7,
while the increase in the adsorption efficiency is observed at pH
3-7. This indicates that an optimum pH value lies within pH 6-7,
which can be explained concerning the effect of pH on the surface
chemistry of modified SiNPs in aqueous solution.

The surface amino groups on the SiNPs play an important role
in the adsorption process. To explore the pH effect on the efficiency
of adsorption process, zeta potential was measured at different pH
intervals. The surface modification of the nanomaterial using APTS
was found adequate to yield a net positive surface charge at approxi-
mately +49 mV at pH 7. Further, in acidic medium, at pH 3, build-
up of positive charge on the surface of the modified particles led
to an increase in zeta potential to +56 mV. The high positive value
of the zeta potential can be related to the accumulation of protons
in the solution causing protonation of amino groups, thereby facil-
itating introduction of more positive ions onto the SiNPs surface.
This, in turn, induces the electrostatic interactions with the nega-
tively charged surface of phenolate ions accelerating adsorption of
phenol. Note that the phenol molecules dissociate in basic aque-
ous solution at pKa=9.95 to yield phenoxide ions which are stabi-
lized to some extent, resulting in deactivating the adsorption process
due to probably repulsive forces between the negative charged in
the surface of SiNPs and phenoxide ions; while in acidic condi-
tions the presence of net positive charge on the surface of the modi-
fied SiNPs leads to electrostatic interaction with the phenolate ions
and enhances the adsorption process. This is largely in good agree-
ment with previous studies [6,55,56]. In basic media at pH 10, nano-
materials retain zeta potentials of 40 mV, where all the amino
groups are converted into the deprotonated form, thereby affect-
ing the removal efficiency of the adsorbate. Thus, decrease in the
removal efficiency is observed due increase of the repulsion forces
between the negative SiNPs surfaces and the phenol molecules,
which leads to a low degree of adsorption. The phenol removal
efficiency by AMS-10 is higher than that of AMS-20, AMS-30 and
AMS-40 for the same pH values. This can be attributed to the smaller
particle size of the AMS-10 sample bearing a higher surface area and
subsequently providing more adsorption sites for the phenol ions.
3-3. Investigating the Effect of Initial Concentration

The influence of the initial phenol ion concentration on the effi-

Fig. 4. Influence of pH on adsorption capacity of phenol using SiNPs
(Initial concentration=10 mg/L, dosage of adsorbent=1 mg/
1 mL and contact time=18 h).

Fig. 3. The influence of contact time on the phenol adsorption capac-
ity using SiNPs (Initial concentration=10 mg/L, dosage of ad-
sorbent nanomaterials=1 mg/1 mL at pH=7).
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ciency of adsorption process was investigated as a function of the
initial concentration to determine the relationship between the
amount of phenol ions adsorbed on the adsorbent surface and the
concentration of the remaining phenol ions in the aqueous phase.
Fig. 5 shows the adsorption percentage of phenol ions with the
initial phenol ions concentration (10-100 mg/L), while all the other
factors were maintained constant. The adsorption efficiency of ad-
sorbent decreases with the initial concentration of phenol. This
could be explained by the limited active adsorption sites on the
SiNPs surfaces with the high initial concentration of phenol in aque-
ous media, and thus a reduced removal efficiency because of the
expected longer time required achieving the adsorption equilib-
rium at a higher phenol concentration [55,57,58]. Furthermore, the
AMS-10 sample still showed a higher adsorption efficiency com-
pared to other adsorbents at the same initial phenol concentration.
The maximum removal efficiency of phenol was 85% at the ini-
tial concentration of 10 mg/L by AMS 10. This can be justified ac-
cording to the smaller average particle size of the AMS-10 sample
with the higher possible availability of active adsorption sites as well
as a higher surface area of adsorbent.
3-4. Adsorbent Dose Effect

The adsorbent dose influence on the phenol ions removal effi-
ciency on SiNPs was studied. The doses of the SiNPs were varied
from 10 to 250 mg/25 mL, while the other factors, including pH,
contact time, and initial concentration of phenol, were kept con-
stant at 10 mg/L, 18 h and 7, respectively. As shown in Fig. 6(a), the
increment of the absorbent dosage from 10 to 250 mg/25 mL led
to a gradual enhancement in the adsorption percentage of phenol.
This enhancement in the SiNPs dosage possibly led to an increase
in the available active adsorption sites on the adsorbent surface;
hence, an improved phenol removal was achieved.
3-5. Adsorption Capacity

The equilibrium adsorption capacity is a critical factor that affects
the adsorption process; it detects the pollutant limit that can be
extracted from an aqueous solution per adsorbent unit mass. The
AMS-10 sample has the best adsorption capacity as a result of their
improved physico-chemical characteristics, such as the specific

surface area and the total volume of porosity. This facilitates ion
migration into the interior of the composites, thereby enhancing
the adsorption capacity of the pollutant [58,59]. Langmuir and Fre-
undlich isotherm models are usually used to illustrate the distribu-
tion coefficient of adsorbates between the liquid and solid phases
in the adsorption process. The obtained results of adsorption equi-
librium, studied by the ratio of adsorbate mass that adsorbed to
definite weight of the adsorbent and the adsorbate concentration
at liquid phase equilibrium, are expressed utilizing adsorption iso-
therms, which well interprets the adsorption systems [56].

The obtained results of the adsorption equilibrium were stud-
ied by the ratio of adsorbate mass (phenol) that adsorbed to the
adsorbent weight (SiNPs) and the adsorbate concentration at equi-
librium in a liquid phase. Which is expressed utilizing adsorption
isotherms and well interpreted the adsorption systems. The result-
ing data obtained on the adsorption process of phenol molecules
on the surface of modified SiNPs were studied using the Lang-
muir and Freundlich isotherm models. From Fig. 7(a), the iso-
therm data have been linearized using Langmuir and Freundlich
equations. Values of KL and Qmax for the adsorption of phenol on
SiNPs as calculated from Langmuir isotherm model are provided
(see Table 3). The adsorption capacity (Qmax) and KL values were
calculated to be 35.2 mg/g and 0.192 mg/L, respectively, for AMS-
10, which is higher than the adsorption capacity of non-amino
modified SiNPs (16.4 mg/g ) and other absorbents (see Table 4).

The Qmax and KL values are clearly in good agreement with those
observed experimentally. The enhanced adsorption capacity of
AMS-10 can be attributed to the higher surface area, thereby higher
total pore size to volume ratio of the particles, which increases the
availability of active adsorption sites per volume ratio. This leads to
a greater availability of active adsorption sites such that phenol
ions can penetrate deeper into the surface pores of the silica layer.
In addition to improving the surface characteristics as a result of
amino modification of the SiNPs surface probably played an import-
ant role in the phenol adsorption due to the net of positive charge

Fig. 6. Influence of adsorbent dosage on the phenol removal by SiNPs.
Experimental conditions: Co.=10 mg/L; pH: 7 and contact
time 18 h.

Fig. 5. Initial concentration influence on adsorption of phenol using
SiNPs (Contact time=18h, adsorbent dosage=1mg/1mL and
pH: 7).
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on the SiNPs surface as a result of the accumulation of protons in
the solution causing protonation of amino groups, thereby enhanc-
ing adsorption capacity of phenol. R2 values of Langmuir model
were 0.993, 0.997, 0.991 and 0.995 for AMS-10, AMS-20, AMS-30
and AMS-40, respectively. The values of R2 are all larger than 0.99,
indicating that the adsorption of phenol on SiNPs correlates well
with the Langmuir model.

Adsorption isotherms of phenol removal efficiency by silica nano-
particles were also investigated and linearized using the Freun-
dlich model (Fig. 7(b)). The Freundlich constants, KF and n for the
experimental data are shown in Table 3. The value of the correla-
tion coefficient (R2) was found to be 0.83, 0.83, 0.85 and 0.77 for
AMS-10, AMS-20, AMS-30 and AMS-40, respectively. It is observed

that the adsorption isotherms successfully fit the Langmuir iso-
therm model, and the adsorption behavior of phenol removal on
silica nanoparticles is better depicted by the Langmuir adsorption
model than the Freundlich model.
3-6. Kinetics of the Adsorption of Phenol onto SiNPs

The influence of contact time on the adsorption process of phe-
nol molecules on the surface of the modified SiNPs (adsorbent)
was investigated using the collected data in Fig. 3. It is observed
that the absorption of phenol molecules on nanoparticles’ surface
was gradually increased and then it attains equilibrium at approxi-
mately 1,080 min. The kinetic analyses of the experimental data
were studied by two common adsorption kinetic models (pseudo-
first order and pseudo-second order). These kinetic models are

Table 4. Comparison of adsorption capacities of phenol using different adsorbents
Adsorbent Qmax (mg/g) Ref.
Amino modified SiNPs 035.20 Present study
Non-amino modified SiNPs 16.4 Present study
Fly ash 006.66 [60]
Surfactant-modified natural zeolite 0.76-1.30 [61]
Activated coal 001.48 [62]
Bamboo cellulose nanofibers-graft-poly (acrylic acid) 000.91 [63]
Bamboo cellulose nanofibers graft-poly (acrylic acid)/Sodium humate 001.02 [64]
Bamboo cellulose nanofibers 000.39 [64]
Activated carbon-commercial grade (ACC) 030.22 [64]
Activated carbon-laboratory grade (ACL) 024.65 [65]
Rattan sawdust based activated carbon 149.25 [65]
Functionalized silica based post synthesis grafting 30.8±2.2 [32]

Table 3. Parameters of Langmuir and Freundlich adsorption isotherm models

Adsorbent
Langmuir Freundlich

Qmax (mg/g) KL (L/mg) R2 n KF R2

AMS-10 35.199 0.190 0.993 2.875 9.050 0.837
AMS-20 31.696 0.144 0.997 2.884 8.439 0.836
AMS-30 31.075 0.097 0.991 2.934 7.988 0.872
AMS-40 24.919 0.134 0.995 3.088 7.945 0.777

Fig. 7. (a) Langmuir and (b) Freundlich adsorption isotherm models.
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used to estimate the rate and the possible adsorption mechanism
of phenol molecules on the modified surface of SiNPs (Table 5).

The pseudo-first-order [66] is described according to the follow-
ing equation:

Log(qeqt)=log qek1t

where qe (mg/g) and qt (mg/g) represent the adsorbed amounts of
Phenolat equilibrium and time t (min), respectively. k1 (min1) is
the pseudo-first order rate constant. Fig. 8 shows the linear plots of
log (qeqt) versus (t) time consumed in the adsorption process of
phenol onto SiNPs adsorbent.

The rate constants (K1) and the theoretical adsorption capaci-
ties (qe) were calculated from the slopes and intercepts, respectively,
and their values are listed in Table 5.

Additionally, the linear formula of pseudo-second order model
[67] is described as follows:

t/qt=1/k2qe
2+t/qe

where k2 (g mg1 min1) is the rate constant of pseudo-second order.
As shown in Fig. 3 the plots of t/qt against t produce straight lines
with slopes and intercepts corresponding to the pseudo-second-
order rate constants (k2) and the theoretical adsorption capacities
(qe)theo, respectively. By comparing the values of correlation coeffi-
cients (R2) and the theoretical adsorption capacities (qe)theo of the
pseudo-first and pseudo-second-order models (Table 5), it is noticed
that R2 values of pseudo-second order are higher than that of pseudo-
first order and also, the values of (qe)theo are in agreement with the
experimental values. Thus, the obtained results of adsorption kinet-
ics were found to follow the pseudo-second-order kinetic model.
The results found that Langmuir model was established to be more

proper to designate the adsorption of phenolate ions onto surface
of amino modified silica nanoparticles. AMS-10 has the highest
adsorption capacity, which can be attributed to higher specific sur-
face area and the presence of maximum amino groups. Recently,
there has been much effort to investigate the relation between the
Lagergren (first-order rate equation), second-order rate equation
and Langmuir adsorption isotherm for the batch method experi-
ment. These efforts end with a significant procedure which allows
the transformation of adsorption rate equation for batch adsorp-
tion, conforming the Langmuir kinetics to a linear combination of
a first-order and a second-order equation is defined [68]. Moreover,
the rate of the reaction not only depends on the amount of amino
modified silica nanoparticles but also on the amount of adsorbed
phenol molecules on the surface of the nanoparticles at equilib-
rium.

CONCLUSION

The work shows that the amino-modified SiNPs are effective
adsorbents for phenol ion removal from aqueous media. Modifi-
cation of the SiNPs results in positively charged surface particles
that can be easily adsorbed to negatively charged contaminants. This
constitutes a straightforward and novel utility to remove one of the
most dangerous water contaminants that can be used for a wide
range of pollutants. The SiNPs were synthesized in the range of 10
to 40 nm average diameter and labeled as (AMS-10 to 40); the sur-
face was modified using APTS with the one-pot Stöber method.
The synthesized nanoparticles were characterized based on their
size and surface chemistry using TEM, DLS, zeta potential, elemen-
tal analyses, TGA and FTIR. The removal efficiency of the synthe-

Fig. 8. (a) Pseudo-first and (b) pseudo-second-order kinetic models for the adsorption of Phenol onto SiNPs.

Table 5. Pseudo-first and pseudo-second-order models of the adsorption of phenol using SiNPs

SiNPs Experimental
value qe (mg g1)

First-order Second-order
K1 qe R2 K2 qe R2

AMS-10 8.85 0.0014 7.19 0.662 0.0007 9.517 0.960
AMS-20 7.25 0.0012 3.61 0.865 0.0017 7.573 0.991
AMS-30 6.65 0.0011 2.92 0.969 0.0020 6.943 0.994
AMS-40 6.30 0.0012 2.05 0.961 0.0033 6.533 0.998
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sized nanomaterial was found to be size dependent, where smaller
particle size has a larger surface area to volume ratio. The adsorp-
tion capacity of AMS-10 was higher than other adsorbents under
the same conditions, where the Qmax and KL values were calculated
to be 35.2 mg/g and 0.192 mg/L, respectively. For the phenol ad-
sorption efficiency, the phenol adsorption capacity was in the fol-
lowing order: AMS-10>AMS-20>AMS-30>AMS-40. Interestingly,
the adsorption efficiency of phenol by SiNPs was found to be con-
siderably pH-dependent. Langmuir and Freundlich isotherm mod-
els were utilized to illustrate the adsorption equilibrium of phenol
onto the modified SiNPs. The linear regression of the experimen-
tal data showed that the Langmuir adsorption model better explains
the adsorption behavior of phenol removal on silica nanoparticles
than the Freundlich model. The kinetic analyses of the adsorption
processes were studied, and the data show that the reaction rate is
a pseudo-second-order reaction. The study, therefore, frames out a
simple set-up and a versatile strategy that can provide a highly com-
patible method for removing phenol from contaminated water.
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