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Adsorption  isotherm,  adsorption  kinetics  and  column  breakthrough  experiments  evaluating
trichloroethylene  (TCE)  adsorption  onto  granular  activated  carbon  (GAC)  were  conducted  in  the  pres-
ence  and  absence  of  silica  nanoparticles  (SiO2 NPs).  Zeta  potentials  of  the  SiO2 NPs  and  the  GAC were
measured.  Particle  size  distribution  (PSD)  of  SiO2 NPs  dispersions  was  analyzed  with  time  to evaluate
the  extent  of  aggregation.  TEM  analysis  was conducted.  The  specific  surface  area  and  the  pore  size  dis-
tribution  of the virgin  and  the  spent  GAC  were  obtained.  The  fate  and  transport  of the SiO2 NPs  in  the
GAC  fixed  bed  and  their  impact  on  TCE adsorption  were  found  to  be a function  of their  zeta  potential,
dsorption
anoparticles
iO2 NPs
richloroethylene (TCE)

concentration  and  PSD.  The  interaction  of the  SiO2 NPs  and  the  GAC  is  of  an  electrokinetic  nature.  A  weak
electrostatic  attraction  was  observed  between  the  SiO2 NPs  and the  GAC.  This  attraction  favors  SiO2 NPs
attachment  on  the  surface  of  GAC.  SiO2 NPs  attachment  onto  GAC  is manifested  by  a reduction  in the
amount  of TCE adsorbed  during  the column  breakthrough  experiments  suggesting  a preloading  pore
blockage  phenomenon.  However,  no effect  of SiO2 NPs  was  observed  on the  isotherm  and  the  kinetic
studies,  this  is mainly  due  to  the  fast  kinetics  of  TCE adsorption.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Trichloroethylene (TCE) is a volatile organic compound (VOC)
ommonly used as a cleaner in industry. This solvent is also used in
etal finishing, electrical components, paint and ink formulation,

nd rubber processing wastewaters [1,2]. Owing to TCE’s extensive
ommercial use and inappropriate waste disposal, it has become

 significant environmental pollutant [3,4]. Its negative impact on
he ecosystem and humans’ health can be as severe as increased
isk for cancer [5,6]. TCE is regulated by the U.S. Environmental
rotection Agency USEPA at a maximum contaminant level (MCL)
n drinking water of 5 �g/l. Granular activated carbon (GAC) has
een regarded by the USEPA as the best available technology for
emoving VOCs [7].  However, the presence of background materi-

ls in water can highly impact VOCs adsorption by GAC [8].  Natural
aters are thought to contain a considerable amount of nanomate-

ials (NMs) [9].  However, to date, the actual concentration of NMs
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in natural water cannot be accurately detected. Furthermore, NM
may  take a very long time to settle out of water, thus they are
likely to reach GAC filtration in water treatment plants. Mass pro-
duction and development of commercially available nanoparticles
(NPs) has the potential to adversely impact GAC filtration. The high
production and use of NPs in consumer products can potentially
lead to high release of NPs into the environment and consequently
to natural water [10,11]. NPs can be released into the environment
in the stages of manufacture, refinement, application, and disposal
[12]. Thus, NPs are emerging as a new type of contaminant in water
and wastewater. The fate and transport of NPs in the environment
have yet to be fully understood. Due to their relatively high sur-
face area compared to their bulk counterparts, NPs can bind large
quantities of pollutants [9].  Thus NPs could be seen as mobilizing
vehicles for many toxic contaminants in soil, air and water.

Silica (SiO2 NPs) are among the most common NPs that could
find their way  into the water system. SiO2 NPs are naturally occur-
ring in water as part of the colloidal system of clay (sized from a
few nanometers to a few micrometers) [13]. Synthetic SiO2 NPs

are commonly used in constructing electrochemical biosensors
[14], and as additives in different applications [15]. This includes
applications such as anti-clumping-agents in common salts and
as additives in ketchup to decrease the adhesiveness [16], printer
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oners, cosmetics, drugs and varnishes [17]. SiO2 NPs are causing
 great concern in the field of water and waste water treatment.
his is due to their possible health risk. Several investigations sug-
ested that SiO2 NPs may  be harmful to humans [17–19]. Moreover,
olloidal silica is notorious for ultrafiltration and reverse osmosis
embranes fouling [13,20,21].
There are two scenarios for how SiO2 NPs can impact the

emoval of VOCs by GAC. The first scenario is for SiO2 NPs to reduce
he amount of VOCs adsorbed. At a specific pH, ionic strength of
he water, and based on the SiO2 NPs and GAC electrical charge,
iO2 NPs can attach to GAC surface and block adsorption sites and
ubsequently reduce the specific surface area and the amount of
OCs adsorbed. The other scenario could be for SiO2 NPs to act as
dsorption sites [9] and carry VOCs through the GAC filtration to
he consumer if they are repelled from the GAC.

The main objective of this research is to study the fate and trans-
ort of the SiO2 NPs in a GAC adsorber and its impact on the removal
f TCE by GAC. This was achieved by obtaining (1) the key param-
ters of the SiO2 NPs interaction with the GAC (specific surface
rea analysis, zeta potential and the SiO2 NPs particle size distri-
ution (PSD); (2) investigating the interaction between SiO2 NPs
nd TCE in water i.e. the degree of adsorption of TCE on SiO2 NPs;
3) studying the implications of SiO2 NPs on equilibrium adsorption
y conducting adsorption isotherms studies of TCE on powder acti-
ated carbon (PAC) in the presence and absence of SiO2 NPs; and
4) studying the efficacy of a GAC adsorber bed in removing TCE in
he presence of SiO2 NPs by conducting GAC column breakthrough
tudies for TCE in the presence and absence of SiO2 NPs.

. Materials and methods

.1. Water

All TCE solutions and NP suspensions used in the adsorption
tudies, PSD and zeta potential measurements, were prepared in
uper-Q water with a resistivity greater than 18.3 megaohms-
entimeter (M� cm)  and a total organic carbon (TOC) concentration
ess than 1.0 ppb. Water used for isotherms and kinetic studies was
utoclaved for 35 min  at 121 ◦C. The water used was then buffered
o a pH of 7.0 ± 0.1 with 0.001 M potassium dihydrogen phosphate
KH2PO4), and sodium hydroxide (NaOH).

.2. Adsorbates

The TCE used in this research was obtained from Sigma–Aldrich
St. Louis, MO)  at 99.9±% purity. Since TCE is not miscible in water,
ll TCE standards were prepared in methanol. Methanol final con-
entrations in all experiments were below 0.1% by volume. Based
n previous studies, no co-solvent effects were observed at this
evel [22].

.3. Activated carbon and SiO2 NPs

A bituminous based GAC (Calgon Carbon Corporation, Pitts-
urgh, PA) Filtrasorb 400 (F-400) was used for all the adsorption
tudies. The carbon was sieved and the different particle sizes were
eparated. Particles 0.841–1.18 mm diameter were used for all col-
mn  studies. The GAC was  washed using Super-Q water and dried
t 105 ◦C for 24 h and stored in a desiccator until used. PAC was  used
n all isotherm and kinetic studies to reduce the mass transfer effect
f the adsorbate. PAC was obtained by crushing 500 g of the F-400

sing a ball mill. PAC was then sieved and particles 125–150 �m
iameter were used. This size fraction was washed using Super-Q
ater and dried at 105 ◦C for 24 h then stored in a desiccator until
sed.
s Materials 193 (2011) 95– 101

SiO2 NPs investigated in this research were obtained as a 30%
dispersion in ethylene glycol from Alfa Aesar (Ward Hill, MA). The
particle size of the SiO2 NPs is 20 nm in diameter as reported by the
vendor.

2.4. Analytical methods

Micromeritics TriStar 3000 Analyzer was  used to obtain the spe-
cific surface area and pore-size distribution for the virgin and the
used activated carbon. Microwave acid digestion using 20% by vol-
ume  hydrofluoric acid (HF) followed by inductively coupled plasma
(ICP) analysis was  used to quantify the influent and effluent Si
concentration for the column breakthrough study. Transmission
electron microscopy (TEM) was used to obtain an exact image of
the SiO2. TCE was  quantified using an Archon 5100 Purge & Trap
Autosampler attached to a Tekmar 3000 Purge & Trap Concentra-
tor. The purge and trap unit is interfaced to a Hewlett Packard 6890
gas chromatograph (GC) equipped with a flame ionization detector
(FID). The GC was also equipped with an Agilent DB-WAX column
(J&W 123-7063) with dimensions 60 m long × 320 �m diameter
and 0.50 �m film thickness. The flow rate of the helium carrier gas
was set at 2.5 milliliters per minute (ml/min). The detector makeup
gas flow rate was set at 30.0 ml/min. The flow rates of the hydro-
gen and air flame gases were set at 35.0 ml/min and 400.0 ml/min,
respectively. Tetrachloroethylene (PCE) was  used as an internal
standard at a concentration of 29 �g/l. The retention times for TCE
and PCE were 11.9 min  and 13.25 min, respectively. The detection
limit for TCE was  15 �g/l.

2.5. SiO2 and GAC characterization

The surface charge and the pHpzc of the SiO2 NPs were measured
using a Malvern Zetasizer-Nanoseries at 25 ◦C following the anal-
ysis procedure reported by El Badawy et al. [23]. Several 10 mg/l
SiO2 suspensions were examined. The pH of the suspensions was
adjusted to the range of 1.8–12.0. The charge and the pHpzc of the
PAC obtained using several suspensions in a pH range of 3–12.0.
Samples were prepared following the analysis procedure reported
by Fairey et al. [24].

SiO2 PSD analysis was  performed at SiO2 NPs concentrations
of 10.0 mg/l. SiO2 NPs dispersions were placed in 250 ml  clear
glass bottles, which were continuously mixed in a rotary tumbler.
One milliliter samples were collected every 30 min  for the first
3 h and then every 10–15 h for three days. The Malvern Zetasizer-
Nanoseries was used to measure SiO2 NPs hydrodynamic diameter.
It utilizes dynamic light scattering (DLS) with a measuring range of
0.6 nm to 6 �m.

2.6. Isotherm experiment

Three different SiO2 NPs concentrations of 1.0, 5.0 and 10 mg/l
were considered. Adsorption isotherm experiments of TCE were
performed in the presence and absence of SiO2 in these three con-
centrations. The adsorption isotherm experiments were conducted
at a temperature of 23.0 ± 1.0 ◦C using the bottle-point technique
where each bottle represents one data point. 250 ml  Qorpak amber
Boston bottles with teflon (TFE) lined closures were used in all
isotherm experiments. All isotherm experiments were conducted
using varied amounts of PAC (1–48 mg)  and initial target concen-
trations of TCE of 450 �g/l; 900 �g/l and 1800 �g/l. Eight bottles per
TCE concentration were run containing PAC. Six blank bottles were
used per run. Three bottles per TCE concentration were run con-

taining no PAC or NPs. The equilibrium average TCE concentration
of these bottles was  used to calculate the equilibrium solid phase
TCE concentration (qe). The other three blank bottles contained
one of the SiO2 NPs concentrations along with TCE, were run to
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Fig. 1. Schematic diagram of the column breakthrough setup.
H.H. Salih et al. / Journal of Haz

nderstand the interaction between SiO2 and TCE i.e. the adsorp-
ion of TCE onto the surface of SiO2 NPs at equilibrium. The isotherm
ottles were filled completely leaving no headspace and were then
ontinuously tumbled for two weeks to reach equilibrium. At equi-
ibrium, samples from each bottle were filtered through a 0.45 �m
lter, diluted, and analyzed using the GC. TCE adsorption equilib-
ium data was fitted by the Freundlich isotherm model:

e = K × C1/n
e

here qe (�g/mg) is the amount of TCE adsorbed (per PAC mass) at
quilibrium, Ce (�g/l) is the equilibrium aqueous phase TCE concen-
ration, K (�g/mg (l/�g)1/n) is a capacity parameter that expresses
he extent of uptake corresponding to a value of Ce, and 1/n  is a
imensionless parameter related to the site energy distribution
25].

.7. Kinetics studies

Kinetic studies were conducted in order to observe the rate of
CE adsorption over time. Several kinetic studies were carried out
n the presence and absence of 5.0 mg/l SiO2 NPs. A total of ten
ottles were prepared. Each bottle contained the initial target con-
entrations of TCE of 1800 �g/l and 0.015 mg  of PAC in the presence
nd absence of SiO2 NPs. Bottles were continuously tumbled. Sac-
ificial bottles were removed from the tumbler every 30 min  for a
eriod of 3 h. Three Samples were collected in the first 30 min  at
inute 1, 10 and 30. Another two samples were collected after 24

nd 48 h. Samples taken from the sacrificed bottles were filtered,
iluted, and analyzed in the GC.

.8. Column breakthrough studies

The column studies were conducted using a TCE concentration
f 2.0 mg/l in the presence and absence of 0.5, 1.0, 5.0 and 10 mg/l
iO2 NPs. All breakthrough experiments were conducted using the
ollowing conditions: pH 7.0 ± 0.1, flow rate of 15 ml/min, 15.91 g
f GAC mass, empty bed contact time of 2.67 min, the column diam-
ter and length were 2.7 cm and 7.0 cm,  respectively, and the mass
ransfer zone length was  1.6 cm.  Two pressure vessels with a vol-
me  of 61 l were used as feed tanks. The solute was  continuously
ixed using a magnetic stirring bar. The solute was pumped from

ne tank at a time. Feed tanks were switched to fresh tank at a
olute level of 10 l to avoid large drop in TCE concentrations. Fig. 1
hows the column experimental setup designed to overcome the
olatilization of TCE out of solution by placing a constant Nitro-
en gas (N2) blanket. The two stainless steel pressure feed tanks
ere connected to a N2 cylinder through a control valve. The con-

rol valve is switched on–off in response to a signal from a pressure
auge installed on the stainless steel vessels. This device allows for

 constant N2 pressure of 5 pound per square inch (psi) inside the
eed tanks.

Four sample sets, from the influent and the effluent of the
olumn were collected in a daily base to measure the TCE concen-
ration. The flow rate and pH were also monitored and recorded.

Five milliliter samples were collected from the column influ-
nt and effluent over time. Accurate volumes of 7 ml  nitric acid
HNO3) and 3 ml  HF were added to each sample. The new solu-
ions were microwave digested using the EPA method 3051A [26].
he SiO2 NPs concentrations were calculated by measuring Si con-
entrations in the digested samples. A major obstacle faced by the
nvestigators was to obtain a representative sample. This is under-

tandable because SiO2 NPs were in dispersion, not in solution.
oreover, SiO2 NPs dispersions were relatively at low concentra-

ions. To overcome this hindrance, three samples were collected
rom the bottom, middle and the top of the exhausted GAC of all
Fig. 2. SiO2 NPs aggregation with time.

columns. These samples were dried for 24 h at 105 ◦C, degassed at
150 ◦C under N2 atmosphere for 2 h, and analyzed to obtain specific
surface area and pore-size distribution.

3. Results and discussion

3.1. SiO2 and GAC characteristics

NPs have a high tendency to form aggregates, this is due to their
high specific surface area to volume ratio that gives rise to vast
reactivity which forces NPs to aggregate [11]. This physical phe-
nomenon was hindered in the case of SiO2 NPs under investigation.
The SiO2 NPs colloidal dispersion was readily dispersed in water as
NPs with average diameter of 30 nm.  The SiO2 NPs PSD over a period
of time is presented in Fig. 2, where the NPs diameters were plot-
ted against the percentage of the sample volume. The data clearly
suggested that the NPs dispersion is very stable. Only 10% of the par-

ticles counts have a diameter greater than 100 nm after 175 min  in
the rotary tumbler; which was  true for three days. The stability of
SiO2 NPs is attributed to the presence of the ethylene glycol and the
background electrolyte (KH2PO4). Ethylene glycol is a well-known
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Fig. 3. GAC–SiO2 zeta potential.
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Table 1
Freundlich adsorption isotherm parameters for TCE adsorption on powdered F-400
in  the presence and absence SiO2 NPs.

Isotherm Parameters K (�g/g)/(�g/l)1/n 1/n  R2

TCE with no SiO2 0.44 0.46 0.96
TCE  + 10 mg/l SiO2 0.39 0.49 0.99

each other. This is rational because at the working pH of 7.0 the PAC
surface is almost neutral with a surface charge of −6.9 mV,  while the
SiO2 NPs have −34.7 mV  on its surface. This may  create long range
repulsion between the PAC and the SiO2 NPs. The other reason for
ig. 4. (a) SiO2 NPs as 30% dispersion in ethylene glycol. (b): SiO2 NPs washed using
ethanol to remove the ethylene glycol.

apping agent. Capping agents are chemicals used to stabilize col-
oids by means of electrostatic repulsion, steric repulsion or both
23]. The presence of the background electrolyte has provided the
iffuse electrostatic double layer (EDL) around SiO2 NPs with a
igher surface charge that generates a repulsive force between the
articles and hinders the formation of aggregates [27,28]. Fig. 3
hows the surface charge and the pHpzc of the SiO2 NPs and the GAC.
vidently SiO2 NPs have a high surface charge of −34.7 mV  at pH
.0. The other important parameter that can be deduced from Fig. 3
s the pHPZC. A second order polynomial model was  used to describe
he zeta potential data. The EDL around SiO2 NPs was  found to be
egatively charged at all pH studied with no pHPZC determined. On
he other hand, pH 7.6 was estimated to be the pHPZC for the GAC.
TCE  + 5 mg/l SiO2 0.37 0.49 0.98
TCE  + 1.0 mg/l SiO2 0.39 0.50 0.98

Fig. 4(a) represents a TEM image of the 30% SiO2 NPs dispersion
in ethylene glycol. The picture is noticeably showing the uniform
PSD of the SiO2 NPs. In Fig. 4(b) the SiO2 NPs were washed using
methanol to dilute the dispersion in order to get a clearer image
for separate single particle. The TEM images confirmed that SiO2
NPs are spherical in shape. This is an important fact for SiO2 NPs
specific surface area calculation. The specific surface area of the
GAC was  obtained using the Micromeritics TriStar 3000 Analyzer.
However, this analyzer is only capable of handling solid materials.
Thus the specific surface area of SiO2 NPs was obtained by applying
a mathematical model [29].

The specific surface area (SSA) can be obtained from the equa-
tion

SSA = Particle surface area
Mass

= �d2
�(�/6)d3

= 6
�d

where � is the density (1.3 g/cm3) as reported by the manufacturer,
d is the average particle diameter (40 nm). The SSA was determined
to be 15.4 m2/g, which is very small compared with the GAC, used
in this research (745 m2/g).

3.2. TCE adsorption isotherm

The adsorption isotherm results for TCE are presented in Fig. 5.
All isotherms conducted in this study displayed a linear Ce to qe rela-
tionship when plotted on log–log coordinates. It is further noticed
that all isotherm results showed an independence from the initial
aqueous phase TCE concentration (C0). The data in Fig. 5 suggests no
effect of SiO2 NPs on TCE adsorption at equilibrium. This observa-
tion may  be due to two factors. Firstly, the absence of the long range
attraction which emerge in electrolyte solutions when particles
(SiO2 NPs And PAC) of opposite charge approach each other [30].
This attraction takes place when their diffusion layers approach
Fig. 5. Adsorption isotherms of TCE in the presence and absence of SiO2 NPs.
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Table  2
A  comparison between the virgin GAC and the spent GAC from the 1.0 mg/l SiO2 column.

Property Virgin GAC F-400 GAC (column’s bottom) GAC (column’s middle) GAC (column’s top)

BET surface area (m2 g−1)a 745.16 600.0 625.5 617.4
Langmuir surface area (m2/g) 1176.16 943.7 997.5 982.7
Micropore area (m2 g−1)b 479.89 395.4 426.2 427.3
Mesopore area (m2 g−1)c 265.27 204.7 199.3 190.1
Micropore volume (cm3 g−1)b 0.269 0.22 0.24 0.24
Total  pore volume (cm3 g−1)d 0.484 0.39 0.41 0.40

a P/P◦ ranges from 0.03 to 0.111.
b t-Plot micropore area and volume.
c Mesopore area = BET surface area − micropore area.
d Single point desorption total pore volume of less than 2526.8 Å at P/P◦ = 0992.
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NPs. The TCE rapid breakthrough is mainly due to the attachment of
the SiO NPs onto GAC. The NPs interaction with the GAC may have
Fig. 6. TCE adsorption kinetics in the presence and absence of SiO2.

ot seeing the SiO2 NPs impact on TCE adsorption isotherms is the
CE adsorption kinetics. TCE has extremely fast adsorption kinetics.
his fast kinetics is mainly due to the TCE molecules size and geom-
try. Karanfil and Dastgheib proposed that TCE has a flat profile with
stimated dimensions of 0.66 nm × 0.62 nm × 0.36 nm [31]. TCE has

 very small size compare to the SiO2 NPs. This reasoning has been
onfirmed by the kinetics studies (Section 3.3).

The analysis of the bottles that contained TCE and SiO2 NPs
nd no PAC suggested no interaction between TCE and the SiO2
Ps (i.e. no TCE adsorbed on the SiO2 NPs at equilibrium). The
reundlich adsorption isotherm parameters displayed in Table 1
ere determined through fitting of each isotherm separately. The
arameters displayed in Table 1 clearly show that there is no note-
orthy difference between the four adsorption isotherms studied.

n other words, there is no weighty change in Freundlich param-
ters between the three SiO2 NPs concentrations used for each
sotherm and in the absence of SiO2 NPs.

An attempt has been made to investigate the possibility of TCE
dsorption onto the SiO2 NPs over a 4 h period. Several 10 mg/l SiO2
Ps and 1.8 mg/l TCE suspensions were continuously mixed under
2 atmosphere. Samples were collected over a period of time but
ltered differently. Some samples were filtered using 0.45 �m fil-
er while some were filtered through a 0.02 �m filter in order to
emove the SiO2 NPs and TCE if adsorption took place. The aver-
ge TCE concentrations were calculated for each time period. The
ata obtained suggested no TCE adsorption onto the SiO2 NPs took
lace during the 4 h period. It is worth noting that the blanks
f TCE with SiO2 NPs used in the isotherm study were identi-
al with the blanks that contained no SiO NPs implying no TCE
2
dsorption onto SiO2 NPs took place during the 15 days of equili-
ration.
Fig. 7. TCE breakthrough in the presence and absence of SiO2 NPs.

3.3. TCE adsorption kinetics

Fig. 6 represents the TCE adsorption kinetics in the presence and
absence of SiO2 NPs. The TCE aqueous phase concentrations were
measured with time. While TCE solid phase uptake at time t (qt)
calculated using the mass balance equation:

qt = (C0 − C)v
m

where C0 is the TCE initial concentration, C is the TCE concentration
at time t, v is the volume of solution and m is the PAC mass.

Results of the TCE adsorption kinetics study indicated that the
majority of TCE adsorption into PAC occurs within the first 10 min.
In fact 40% of the initial TCE concentration was adsorbed in the
first 1.0 min. The presence of the SiO2 NPs did not affect the TCE
adsorption. This is due to the fast TCE adsorption kinetics. This also
implies that the SiO2 NPs are not competing for adsorption sites
and they are limited by the film boundary layer diffusion.

3.4. Column breakthrough

Fig. 7 represents TCE breakthrough where the normalized efflu-
ent concentration to the influent concentration (C/C0) is plotted
versus TCE throughput. A 50% breakthrough (C/C0 = 0.5) was set
to be the breakthrough point i.e. the point at which the column
experiments were stopped.

As shown in Fig. 7 the presence of the SiO2 NPs has reduced the
GAC utilization. This is manifested by rapid TCE breakthrough com-
pared to the breakthrough conducted in the absence of SiO2 NPs
compared to the breakthrough conducted in the absence of SiO2
2
been enhanced due to the minimization of the film boundary layer
in the column setting, hence, preventing external mass transfer to
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e limiting factor as in the isotherm and kinetic studies. It is further
een that the impact of SiO2 NPs on the TCE breakthrough is con-
entration dependent. The TCE breakthrough was the most rapid
hen 10 mg/l SiO2 was present, followed by TCE breakthrough in
resence of 5.0 and 1.0 mg/l SiO2 NPs. However, this trend did not
old for the breakthrough conducted in the presence of 1.0 and
.5 mg/l SiO2 NPs due to the comparability of these two concen-
rations. These data show a capacity reduction due to the presence
f SiO2 NPs, likely due to pore blockage as supported by the pore
ize distribution data. This may  suggest that the SiO2 NPs behaved
imilarly to natural organic matter in GAC filtration [32–34].

The fate and transport of the SiO2 NPs within the GAC column
as investigated. The comparison of the spent carbon to the virgin

arbon showed pore blockage and specific surface area reduction
or all SiO2 NPs concentration levels. Table 2 represents the specific
urface area and the pore size distribution for the GAC samples
ollected from the TCE breakthrough experiment conducted in the
resence of 1.0 mg/l SiO2 NPs. The data shows reduction on the pore
olume due to the pore blockage caused by the attachment of SiO2
Ps onto the GAC surface. This attachment is expected to be on

he GAC external surface i.e. the meso-pores due to the size of the
iO2 NPs. However, meso-pores are the natural avenues to micro
ores where the most of the GAC specific surface area is attributed
nd where TCE adsorption takes place. The largest specific surface
rea reduction was observed at the entrance of the column i.e. the
olumn’s bottom. The specific surface area and the pore size dis-
ribution of the other two  GAC samples collected from the middle
nd top of the column are comparable. This is mainly due to the
niform SiO2 NPs size distribution. The authors believe that pore
lockage and reduction of GAC specific surface area are greater than
he numbers listed in Table 2. This is due to the detachment of the
iO2 NPs from the GAC external surface. During the preparation of
AC for characterization such as drying, degassing and even during
ample collection after the breakthrough, SiO2 NPs attached on the
xternal surface of the GAC were detached.

. Conclusions

The impact of the commercially available SiO2 NPs on the
emoval of TCE by GAC was evaluated. The fate of the SiO2 NPs
ithin the GAC column was also appraised. SiO2 NPs specific sur-

ace area was found to be small compared to that of the GAC. SiO2
Ps are very stable in water due to the presence of the capping
gent ethylene glycol, which hindered SiO2 NPs from aggregating.
he effect of SiO2 NPs is a function of their zeta potential, concen-
ration and PSD. An electrostatic interaction between SiO2 NPs and
AC was observed at pH 7 and in the presence of 0.001 M KH2PO4.
his interaction facilitated the attachment of SiO2 NPs onto the GAC
urface. Consequently, GAC pore blockage took place and thus the
AC specific surface area reduced. Accordingly, the presence of SiO2
Ps decreased the amount of TCE adsorbed due to pore blockage.
he interaction of TCE with SiO2 NPs was also explored. No TCE
dsorption onto the SiO2 NPs took place over a short period of time
r at equilibrium.

To validate these conclusions and to substantiate the fate of
he SiO2 NPs within the GAC Column, samples from the used GAC
ere collected; specific surface area and pore size distribution
ere obtained and compared to virgin GAC. The spent GAC showed

maller specific surface area when compared to the virgin GAC. This
eduction was due to SiO2 NPs attachment onto the GAC surface.
he attachment of the SiO2 NPs onto the GAC considerably reduced

AC’s specific surface area by blocking the pores.

It is worthwhile noting that the equilibrium adsorption
sotherms study showed no impact of the presence of SiO2 NPs
n the adsorption of TCE. These results indicate the weak attach-

[

s Materials 193 (2011) 95– 101

ment of SiO2 and could mislead an investigator if the results will be
used for mathematical model prediction of breakthrough behav-
ior where an impact has been experimentally observed. This study
clearly shows the importance of running breakthrough studies to
confirm the implications of nanoparticles which is not observed in
the equilibrium adsorption studies.
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