
Environ Sci Pollut Res (2013) 20:8172–8181 
 

 

DOI 10.1007/s11356-013-1775-x 
 

 
 

 

Utilization of nSiO2, fly ash, and nSiO2/fly ash composite 

for the remediation of triphenyltin (TPT) from contaminated 
seawater 

Olushola S. Ayanda & Olalekan S. Fatoki & 

Folahan A. Adekola & Bhekumusa J. Ximba 

 
 

Received: 31 March 2013 / Accepted: 24 April 2013 / Published online: 7 May 2013 

 
Abstract 

The removal of triphenyltin chloride from con- 

taminated simulated seawater with adsorption method was 

discussed. The adsorbents used are fly ash, nSiO2, and 

nSiO2/fly ash composite. The results showed that the ad- 

sorption of the adsorbents increases with increase in the 

adsorbent dose, contact time, pH, stirring speed, initial 

TPT concentration, and decreased with increase in temper- 

ature. The adsorption fitted well with the Freundlich iso- 

therm, showing that the adsorbent and TPT combined with 

function groups and the adsorption kinetics followed the 

pseudo-second-order kinetic model. The thermodynamic 

parameters were also evaluated. Optimal conditions for the 

adsorption of TPT from simulated seawater were applied to 

TPT removal from natural seawater. A higher removal effi- 

ciency of TPT (>99 %) was obtained for the nSiO2/fly ash 

composite but not for fly ash and nSiO2. 
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Introduction 

 

Organotin compounds (OTC) such as tributyltin (TBT) and 

triphenyltin (TPT) have been widely used as antifouling agent 
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for marine vessels and structures to prevent the growth of 

fouling microorganism (Park and Hahn 1996). OTC contam- 

inate the marine environment during painting and hosing 

activities in the form of paint particles at the dockyard. The 

use of TPT and TBT has led to serious contamination of the 

environment and causes harmful effects on aquatic organisms 

such as imposex in gastropods and abnormal embryonic de- 

velopment in sea urchins and marine invertebrates. TPT and 

TBT therefore exhibit reproductive and immunotoxic effect in 

both human and non-human organism (Sekizawa et al. 2001) 

and have been suggested as endocrine disrupting chemicals 

(IPCS 1999). Consumption of sea foods is a possible means 

by which OTC can be ingested by human. OTC have thus 

polluted water environments and because of the high toxicity 

to aquatic organisms (Sheikh et al. 2007), the use of TBT and 

TPT has been restricted in some countries. However, they are 

still detected in waters, coastal sediments, and aquatic organ- 

isms. There is therefore a need to reduce the concentration of 

OTC in shipyard process wastewater to the barest minimum 

before discharge into the aquatic environment. 

Various methods of wastewater treatment have been ex- 

amined and adsorption emerged as one of the most promis- 

ing techniques. It is generally preferred for the removal of 

pollutants due to its high efficiency, easy handling, avail- 

ability of different adsorbents, and cost-effectiveness 

(Kumar et al. 2010). Adsorption and degradation of 

triphenyltin by Pseudomonas chiororaphis immobilized in 

alginate beads was reported by Takimura et al. (2003). Han 

et al. (2007) reported the adsorption of TPT onto modified 

chitosan. The adsorption of phenyltin compounds onto 

phosphatidylcholine/cholesterol bilayers have also been 

reported by Langner et al. (2000). Yamashita et al. (2010) 

also examined the removal and degradation efficiencies of 

regenerated amorphous iron oxide on TBT and TPT in 

seawater. The use of fly ash for the removal of TBT from 
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shipyard process wastewater has been reported by Ayanda et 

al. (2013); An and Huang (2012) investigated the adsorption 

of phenanthrene onto fly ash in aqueous solution while the 

remediation of lignin by adsorption onto fly ash in waste- 

water generated by mechanical pulping has been examined 

by Andersson et al. (2012). However, the kinetics and 

equilibrium data on the sorption of TPT in seawaters to 

nano oxides, fly ash, and composites are limited and no 

work has also been reported on the use of nSiO2/fly ash 

composite for the removal of TPT from wastewaters. Fly 

ash is a low-cost adsorbent (Laohaprapanon et al. 2010) but 

with a low surface area, nSiO2 on the other hand has a very 

high surface area but also very expensive. A combination of 

fly ash with nano metal oxide will reduce the cost of using 

nano metal oxides for the remediation of pollutants and will 

results to improvement in the physicochemical properties of 

the formed composite that will enhance the adsorption of 

organic pollutants (Ayanda et al. 2012a). 

In this study, the adsorption potential of nano silica oxide 

(nSiO2), fly ash, and nSiO2/fly ash composite for the re- 

moval of TPT from simulated seawater has been studied. 

The adsorbents were characterized with modern analytical 

instruments and the effects, such as the adsorbent amount, 

contact time, pH, stirring speed, initial concentration, and 

temperature on TPT adsorption capacity of precursors and 

the composites have been investigated. Based on these 

studies, the Langmuir, Freundlich, Temkin, and Dubinin- 

Radushkevich (D-R) models were used to fit the equilibrium 

data and the adsorption kinetics and thermodynamics of 

TPT were evaluated. Finally, optimal conditions for the 

adsorption of TPT from simulated seawater obtained were 

applied to TPT removal from contaminated natural seawater. 

 

 

Methodology 

 

Adsorbents and characterization 

 
Fly ash from Matla power station, Mpumalanga, South 

Africa and nano silica oxide (particle size 12 nm) was 

purchased from Sigma Aldrich, USA. Composite material 

involving nSiO2 and fly ash in the ratio 1:1 was prepared by 

the method reported by Ayanda et al. 2012a. The specific 

surface area of the precursors and composite were obtained 

by the use of a Tristar 3000 analyzer with N2 adsorption at 

−196 °C, phase characterization by X-ray diffraction (PAN- 

analytical PW 3830 diffractometer) and point of zero charge 

(PZC) by mass titration, the infrared spectra bands of the 

adsorbents were obtained by Fourier transform infrared 

spectroscopy (FTIR; PerkinElmer
TM 

Spectrum 1000) using 

the potassium bromide (KBr) pellet method. The physico- 

chemical properties of the precursors and the composite 

were summarized in Table 1. 

Table 1  Physicochemical properties of fly ash, nSiO2, and nSiO2/fly 

ash composite 

Characteristics Fly ash nSiO2 nSiO2/fly ash 

pH 10.70 5.53 3.48 

PZC 12.17 4.25 4.80 

Surface area (m2/g) 1.06 217.62 343.75 

Micropore area (m2/g)      0.3796 16.13 35.21 

Ash content (%) 97.4±0.14      98.3±0.07      88.15± 0.07 

Carbon content (%) 1.54 0.76 0.80 

Nitrogen content (%) BD BD BD 

Hydrogen content (%) BD 0.76 1.43 
 

 

BD below detection limit 
 

 

Chemical reagents 

 
Triphenyltin chloride (purity 98 %), methanol, hexane, acetic 

acid, sodium hydroxide, and sodium tetraethylborate (NaBEt4) 

were purchased from Sigma Aldrich, USA. Carbonate, sulfate, 

and chlorides salts for the preparation of simulated seawater were 

supplied by Merck. Stock solution containing 1,000 mg/L TPT 

was prepared by dissolving the organotin in methanol and stored 

in the dark at 4 °C. Simulated seawater (pH 8, marine water 

condition) was prepared by the method of Ayanda et al. (2013) 

and TPT-contaminated simulated seawater was prepared daily by 

spiking TPT stock solution in the simulated seawater. Working 

solution of the derivatization agent was made up daily by dis- 

solving 1.0 g NaBEt4 in 100 mL of methanol while acetate buffer 

(3.0 mL acetic acid, 4.0 g sodium acetate, filled up to 1.0 L with 

deionized water resulting in a pH 4.5) was also prepared. 

 
Analysis of triphenyltin chloride 

 
The concentration of TPT in simulated or natural seawater 

before and after the adsorption studies was determined after 

derivatization by the addition of 1.0 mL of acetate buffer 

(pH=4.5) and 1.0 mL of 1 % NaBEt4 and extraction into 

hexane by horizontal shaking in a separation funnel. The 

extracts were reduced to 1.0 mL and analyze by the use of 

GC-FPD (Shimadzu GC-2010 Plus) with a capillary column 

HP 5 (5 % phenyl methyl siloxane, 30 m×0.25 mm, i.d., 

film thickness 0.25 μm), and the oven temperature was 

programmed as follows: initially at 60 °C hold for 1 min, 

then heated to 280 °C at 10 °C/min, hold for 4 min. The 

injection and detector temperatures were 270 and 300 °C, 

respectively, and the carrier gas was high-purity helium. 

 
Adsorption experiments 

 
The adsorbent doses ranging from 0.0625–1.0 g per 25 mL 

of TPT solution were investigated on the efficiency of the 

adsorption process. The adsorption behavior of TPT on the 
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adsorbents was studied at different pH values in the range of 

pH 4–9. Studies on mixing speed were performed by com- 

paring the adsorption efficiency of TPT on the adsorbents at 

various mixing speeds from 160 to 200 rpm. Adsorption 

kinetics was also carried out by shaking 0.5 g of the adsor- 

bents in 25 mL of TPT solutions with an initial concentra- 

tion of 100 mg/L (pH 8) at 20 °C. After pre-defined contact 

time (10–70 min), the aqueous samples were filtered, and 

the concentration of TPT in the filtrate was determined. 

Pseudo-first-order, pseudo-second-order, Elovich, and frac- 

tional power kinetic rate equations have been used for 

modeling the kinetics of TPT adsorption. The adsorption 

isotherms were also investigated by varying the initial TPT 

concentration from 12.5 to 200 mg/L at optimized adsorbent 

dose, contact time, pH, and stirring speed established after 

optimization of working parameters. The equilibrium data 

were fitted by Langmuir, Freundlich, Temkin, and Dubinin- 

Radushkevich (D-R) isotherm models. Lastly, the thermo- 

dynamic study was carried out by shaking 0.5 g of adsor- 

bents in 25 mL of TPT solutions with initial concentrations 

of 100 mg/L (pH 8) at a stirring speed of 200 rpm at 40, 50, 

60, 70, and 80 °C. After 60 min, the aqueous samples were 

filtrated, and the concentrations of TPT in the filtrates ana- 

lyzed. In all the experiments conducted, the amount of TPT 

adsorbed (mg/g) by the adsorbents was calculated by mass 

balance (Ayanda et al. 2012b). 

 
Kinetics 

 
Pseudo-first-order model 

 
The linear form of the pseudo-first-order equation is 

expressed as: 

give a linear relationship from which the constants qe and ho 

can be determined. When t tends to 0, ho is defined as 

(Basha and Murthy 2007): 
 

h ¼ k2qe
2 ð3Þ 

 
where, k2 is the pseudo-second-order rate constant (g/mg/min), 

k2 was calculated for the adsorption of TPT in simulated 

seawater. 

 
Elovich model 

 
The simplified form of the Elovich equation is expressed as 

(Ho and McKay 2002): 
 

qt ¼ ð1=bÞ: lnða=bÞ þ ð1=bÞ: lnðtÞ ð4Þ 

 
where qt is the amount of TPT per unit mass of sorbent at 

time (t), and α and β are the constants during any one 

experiment. A plot of qt vs ln (t) should give a linear 

relationship with a slope of (1/β) and an intercept of 

[(1/β). ln(α/β)]. 

 
Fractional power model 

 
The fractional power model is a modified form of 

Freundlich isotherm and the linearized form is given as: 

 

log qt ¼ log k þ v log t ð5Þ 

 
where qt is the amount of TPT per unit mass of sorbent, k is 

a constant, t is time, and v is a positive constant (<1). A plot 

of log qt vs log (t) should give a linear relationship with a 

slope (v) and an intercept of log k. 

logðqe    qtÞ ¼ log qe   k1t=2:303 ð1Þ  
Isotherms 

where, qe is the amount of TPT adsorbed at equilibrium per 

unit weight of the adsorbent (mg/g); qt is the amount of TPT 

adsorbed at any time (mg/g), and k1 is the pseudo-first-order 

rate constant/min. The values of log (qe −qt) were linearly 

correlated with t. The plot of log (qe −qt) versus t should 

give a linear relationship from which k1 and qe can be 

determined from the slope and intercept of the plot, 
respectively. 

 
Langmuir isotherm 

 
The Langmuir isotherm assumes monolayer adsorption on a 

uniform surface with a finite number of adsorption sites. 

The linearized form of Langmuir isotherm model can be 

written as Eq. 6 (Wahab et al. 2010; Liu et al. 2011): 

 c e        1      1   c 6 

Pseudo-second-order  model ca 

¼ 
AmaxkL 

þ 
Amax  

 
 e ð Þ 

 
The linearized pseudo-second-order adsorption kinetic rate 

equation is expressed as: 

t=q ¼ 1=ho þ 1=qeðtÞ ð2Þ 

where, ho is the initial adsorption rate. If the second-order 

kinetics is applicable, the plot t/q against t in Eq. 2 should 

 
where ce (mg/L) is the equilibrium concentration of TPT in 

the solution, ca (mg/g) is the TPT adsorption capacity for the 

adsorbents at equilibrium, Amax (mg/g) is the maximum 

monolayer TPT adsorption capacity, and kL (L/mg) is the 

Langmuir isotherm constant related to the free energy of 

adsorption. The values of Amax  and kL  can be calculated 
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from the intercept and the slope of the straight line of the 

linearized form of the Langmuir isotherm. 

form of the D-R isotherm while the mean free energy (E) 

was calculated using Eq. 11: 

 
Freundlich isotherm E ¼ 1=

p
2kD   R ð11Þ 

 

The Freundlich isotherm is based on the assumption that the 

adsorbate adsorbs onto the heterogeneous surface of an 

adsorbent. The linearized form of Freundlich isotherm mod- 

el can be written as (Kumar et al. 2003): 

1 

Thermodynamics 

 
The thermodynamic parameters were determined from the 

thermodynamic equilibrium constant, Kc. Kc was calculated 

by the use of Eq. 12, the standard Gibbs free energy ΔG° 
log ca ¼ log kF þ 

F 
log ce ð7Þ (kJ/mol) was calculated using Eq. 13 while the values of the 

standard enthalpy change ΔH° (kJ/mol) and standard entropy 

where kF  [mg/g (L/mg)
1/n

] and nF  are the Freundlich con- 

stants which are related to the adsorption capacity and 

adsorption intensity, respectively. The values of kF  and nF 

change ΔS° (J/K/mol) were calculated from the intercept and 

the slope of the linear plot of log Kc versus 1/T (Eq. 14). 

were calculated from the intercept and the slope of the 

straight line of the linearized form of the Freundlich iso- 
therm, respectively. 

Kc ¼ ca=ce ð12Þ 

 
Temkin isotherm 

ΔGo ¼   RT In Kc ð13Þ 

ΔSo
 ΔH o 

The Temkin isotherm model assumes that the adsorption 

energy decreases linearly with the surface coverage due to 

adsorbent–adsorbate interactions. The linearized form of 

Temkin isotherm model can be written as (Celebi et al. 

2007): 

 

ca ¼ nT ln kT þ nT ln ce ð8Þ 

 
where nT=RT/bT, bT  is the Temkin constant related to the −1 

log Kc ¼ 
2:303R    2:303RT 

ð14Þ
 

 
where, ca (mg/L) is the amount of the TPT (mg) adsorbed on 

the adsorbent per liter of the solution at equilibrium, ce (mg/L) 

is the equilibrium concentration of TPT in the solution, R is the 

universal gas constant, 8.314 J/mol K; T is absolute tempera- 

ture, and Kc is the thermodynamic equilibrium constant. 

heat of sorption (J mol ) and kT  is the Temkin isotherm 

constant (L/g). The values of nT, bT, and kT were calculated 

from the intercept and the slope of the straight line of the 

linearized form of the Temkin isotherm. 

 
D–R isotherm 

 
The D–R isotherm model assumes that the adsorption has a 

multilayer character involving vander Waals forces (Hutson 

and Yang 1997). The linear form of D–R isotherm model is 

expressed as: 

 
2 

Results and discussion 

 

Adsorbents  characterization 

 

From Table 1, the surface area of nSiO2, fly ash, and 

nSiO2/fly ash are 217.72, 1.06, and 343.75 m
2
/g, respec- 

tively. The micropore area of nSiO2/fly ash was also 

35.21 m
2
/g whereas the micropore areas of fly ash and 

nSiO2 are 0.38 and 16.13 m
2
/g, respectively. The results 

showed that the preparation of nSiO2/fly ash composites 

resulted to very high surface and micropore areas when 
ln ca ¼ ln qm      kD  R" ð9Þ compared to the precursors. 

For the determination of PZC by mass titration, increas- 

where qm is the maximum TPT adsorption capacity (mg/g), 

kD-R is the D–R constant related to free energy,  R 

(8.314 J/mol K) is the gas constant, T (K) is the absolute 

temperature, and ε is the Polanyi potential which is defined as: 
 

" ¼ RT lnð1 þ 1=ceÞ ð10Þ 

 
The values of qm  and kD-R  were calculated from the 

intercept and the slope of the straight line of the linearized 

ing amounts of the adsorbents from 0 to 2.0 g were added to 

10 mL of 0.01 M NaNO3 solution. The resulting pH of each 

suspension was measured after 24 h. The pH plateau for the 

highest concentrations of solid in a successive series of mass 

titration was taken as the PZC (Adekola et al. 2011). The 

PZC of fly ash, nSiO2, and nSiO2/fly ash composite as 

presented in Table 1 are 12.17, 4.25, and 4.80, respectively. 

The XRD spectra of nSiO2  and fly ash have been 

reported by Fatoki et al. (2012) and Ayanda et al. (2012c), 

n 
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cm 

cm 2 cm 

1 

 

respectively. The XRD spectrum of nSiO2/fly ash composite 

therefore reveals that the nSiO2/fly ash composite consists 

of mullite (Al6Si2O13), quartz (SiO2), and cristobalite 

(SiO2). Mullite and quartz are from the fly ash while 

cristobalite is from nSiO2 involved in the composite 

preparations. 

In the FTIR analysis of fly ash, nSiO2, and nSiO2/fly ash 

composite material, the absorption bands obtained are 

some of the available pores (Shin and Song 2011) at the 

surface. 0.5 g was selected as the optimum adsorbent 

amount used for further studies. 

 
Effect of contact time 

 

Figure 2 showed the effect of contact time on adsorption of 

TPT onto the fly ash, nSiO2, and nSiO2/fly ash composite. 

1,097 cm 
− − 

, 1,101 cm 
− 

, 809 cm 
− 

, and 805 cm . The The TPT removal efficiency at different time intervals rang- 

absorption at 1,097 
−1

 is assigned to the C–C stretching −1 
ing from 10–70 min are obtained. Figure 2 also showed that 

of fly ash while the absorption at 1,101 and 809 cm is 

assigned to the asymmetric and symmetric vibration of Si– 

O, respectively (Beganskiene et al. 2004). It was found that 

the wavenumber of symmetric vibration of Si–O changed 

the adsorption of TPT onto the adsorbents increases with 

time gradually and attains equilibrium after 60 min. The 

TPT removal  efficiency  for the  fly  ash, nSiO2,  and 

nSiO2/fly ash composite reaches 4.80 mg/g (96.0 %), 

from 809 
−1

 of nSiO  to 805 
−1

 of the nSiO2/fly ash 4.83 mg/g (96.7 %), and 4.795 mg/g (95.9 %), respectively. 

composite material. The wavenumber of the absorption peak −1 
A contact time of 60 min was therefore fixed for further 

decreased 4 cm . The decrease wavenumber for the ab- studies. 

sorption peak indicated that the intensity of Si–O bond 

decreased. It could be explained that a new C–O–Si bond 

was formed during the preparation of the nSiO2/fly ash 

composite. 

 
Effect of adsorbent dose 

 
The effect of adsorbent dose on the adsorption of TPT by 

the fly ash, nSiO2, and nSiO2/fly ash composite is shown in 

Fig. 1. It was observed that the percentage adsorption of 

TPT increased with increasing amount of the adsorbents, 

reaching optimum at 0.5 g, corresponding to 96.0, 97.7, and 

95.9 % TPT removal by the fly ash, nSiO2, and nSiO2/fly 

ash composite, respectively. The nSiO2 recorded the highest 

adsorption performance due to its very high surface area 

(Table 1). However, nSiO2/fly ash composite recorded the 

lowest percentage adsorption despite having the highest 

surface area. The low adsorption capacity might be attribut- 

ed to the deposition of nSiO2  on the fly ash which block 

 
Adsorption kinetics 

 
Figures 3, 4, 5, and 6 showed the pseudo-first-order, 

pseudo-second-order, Elovich, and fractional power kinetic 

plots, respectively, and Table 2 provided the evaluated pa- 

rameters of all the kinetic models. It is evident from the 

figures and table that the R
2 

value obtained for pseudo- 

second-order kinetic model was higher (R
2 
> 0.99) when 

compared with other models, this showed the applicability 

of the pseudo-second-order kinetic model to describe the 

adsorption kinetic data of TPT onto the fly ash, nSiO2, and 

nSiO2/fly ash composite. The pseudo-second-order kinetic 

model relies on the assumption that chemisorption may be 

the rate-limiting step for the adsorption of TPT on the 

adsorbents. In chemisorption, the TPT ions stick to the 

adsorbent surface by forming a chemical (usually covalent) 
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Fig. 1 Adsorption efficiencies of TPT onto fly ash, nSiO2, and nSiO2/ 

fly ash composite. Experimental conditions: concentration of TPT= 

100 mg/L; volume of TPT solution=25 mL, contact time=60 min; 

stirring speed=160 rpm, temperature= 20 °C 

Fig. 2 Effect of contact time on TPT adsorption onto fly ash, nSiO2, 

and nSiO2/fly ash composite. Experimental conditions: concentration 
of TPT= 100 mg/L; volume of TPT solution= 25 mL, mass of adsor- 
bents= 0.5 g; stirring speed= 160 rpm, temperature=20 °C 
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fly ash, nSiO2, and nSiO2/fly ash composite Fig. 5  Elovich rate equation plot for TPT adsorption onto fly ash, 

nSiO2, and nSiO2/fly ash composite 
 

bond and tend to find sites that maximize their coordination 

number with the surface (Atkins 1995). 

The initial adsorption rate (ho) calculated from pseudo- 

second-order rate equation for TPT adsorption onto fly ash, 

nSiO2, and nSiO2/fly ash composite were 19.378, 11.990, 

and 4.7985 mg/g/min, respectively. The results also indicat- 

ed that the power function model satisfactorily describes the 

time-dependence of TPT onto the adsorbents since the value 

of the constant v was less than 1. The kinetic constants, k1, 

k2, β, α, and k3 for TPT adsorption onto the adsorbents were 

presented in Table 2. 

 
Effect of pH 

 
The effect of pH on the adsorption of TPT onto nSiO2/fly 

ash composite and its precursors was studied at pH 4–9. It 

was observed from Fig. 7 that the percentage of TPT 

adsorbed by the adsorbents increases as the pH of the 

solution increases from pH 4 to 8 and reaches equilibrium 

afterwards. It is therefore evident from Fig. 7 that maximum 

adsorption was recorded within the pH range of normal 

saline water (pH 8) (Brandli et al. 2009; Fang et al. 2010). 

 
At low solution pH, the high concentration of H

+ 
ions 

promoted the protonation of TPT functional groups, and 

the adsorbents became more positively charged, which in- 

hibits the adsorption of TPT on it. When the solution pH 
− 

increased, the solution OH  concentration increased, which 

improved the interaction between the adsorbents and the 

TPT molecules. About 96.0, 96.9, and 96.7 % of TPT was 

removed from the initial concentration of 100 mg/L TPT by 

the fly ash, nSiO2, and nSiO2/fly ash composite, respective- 

ly, at a contact time of 60 min, stirring speed of 160 rpm, 

temperature of 20 °C and pH 8. pH 8 was therefore chosen 

as the optimum pH and was used for further studies. 

 
Effect of stirring speed 

 
The effect of stirring speed on the adsorption of TPT onto 

the adsorbents was studied at a stirring speed of 160– 

200 rpm. The adsorption capacity of TPT onto fly ash, 

nSiO2, and nSiO2/fly ash composite increases with increase 

in the stirring speed of the mixture and therefore attains 

equilibration at 200 rpm (Fig. 8). 
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Table 2  Kinetic model parameters for TPT adsorption 

Kinetic models Fly ash nSiO2 nSiO2/fly ash 

Pseudo-first-order 
−1 

 

qe (mg/g) 0.123 0.2791 0.4717 

R2 0.8018 0.8859 0.9670 

Pseudo-second-order 

qe (mg/g) 4.8216 4.8638 4.8661 

ho (mg/g/min) 19.378 11.990 4.7985 

k2 (g/mg/min) 0.8336 0.5079 0.2026 

R
2 

0.9999 0.9999 0.9999 
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−1 

Fig. 8 Effect of stirring speed on TPT adsorption onto fly ash, nSiO2, 

and nSiO2/fly ash composite. Experimental conditions: concentration 

of TPT= 100 mg/L; volume of TPT solution= 25 mL, mass of adsor- 
bents= 0.5 g; contact time= 60 min; temperature=20 °C 

v (min  ) 
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Approximately 96.5, 96.9, and 99.2 % of TPT was there- 

fore removed from the initial concentration of 100 mg/L 

TPT by the fly ash, nSiO2, and nSiO2/fly ash composite at a 

contact time of 60 min, pH 8, temperature of 20 °C, and a 

stirring speed of 200 rpm (Fig. 8). 

The adsorption capacity of nSiO2/fly ash composite was 

greatly enhance than for the fly ash and nSiO2 at 180– 

200 rpm, this might be as a result of unrestricted pores at 

high stirring speed thereby making all the pores available for 

adsorption. The order of decreasing adsorption capacity was 

thus: nSiO2/fly ash composite>nSiO2 >fly ash. 

Effect of initial concentration 

 
The effect of initial TPT concentration in the range of 12.5 

to 100 mg/L on the adsorption of TPT onto the adsorbents 

was investigated. Along with pH, all parameters were kept 

constant in this study. It is evident from Fig. 9 that, as the 

concentration of TPT was increased, the amount of TPT 

adsorbed by the adsorbents was increased and an increase 

in percentage removal was also observed. The percentage 

TPT adsorbed increased from 93.0–97.6 % for fly ash, 90.9– 

97.9 % for nSiO2, and 98.69–99.2 % for nSiO2/fly ash 

composite as the initial TPT concentration increased. 

 
Adsorption isotherm 

 
The adsorption isotherm parameters obtained for the models 

were given in Table 3. Based on values of quantification 

coefficient, R
2
, summarized in Table 3, the adsorption of 
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Fig. 7 Effect of pH on TPT adsorption onto fly ash, nSiO2, and nSiO2/ 

fly ash composite. Experimental conditions: concentration of TPT= 

100 mg/L; volume of TPT solution=25 mL, mass of adsorbents= 0.5 g; 
contact time= 60 min; stirring speed= 160 rpm, temperature=20 °C 

Fig. 9  Percentage TPT adsorbed by the adsorbents at various initial 

TPT concentrations. Experimental conditions: volume of TPT solution 

=25 mL, mass of adsorbents= 0.5 g; pH= 8; stirring speed=200 rpm; 

contact time= 60 min; temperature= 20 °C 
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Table 3  Isotherms constants for the adsorption of TPT 

Equilibrium models Fly ash nSiO2 nSiO2/fly ash  

Freundlich 

kF  [mg/g (L/mg)1/n] 0.7008 0.3926 4.750 

nF 0.6171 0.4524 0.9088 

R2 0.9971 0.9926 0.9983 

Langmuir 

kL (L/mg) −0.1487 −0.2165 −10.087 

Amax  (mg/g) −4.3554 −1.9365 −41.322 

R2 0.8874 0.9263 0.5097 

Temkin 

nT (L/g) 4.9891 6.6723 3.5863 

kT (mg/L) 0.9952 0.7778 5.2739 

bT (J/mol) 488.36 368.09 679.25 

R
2 

0.8431 0.8126 0.8960 

Dubinin-Redushkevich 
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Fig. 11  Van't Hoff plot for the adsorption of TPT onto fly ash, nSiO2, 

and nSiO2/fly ash composite 

 
was the best model to explain the adsorption behavior of TPT 

onto the fly ash, nSiO2, and nSiO2/fly ash composite. 

kD-R  (J
2
/mol

2
) 6×10 

− 
1×10 

− 
9.0×10 The intercept value kF is an indication of the adsorption 

qm (mg/g) 6.8101 8.6167 7.4670 

E (J/mol) 912.87 707.106 2,357.02 

R2 0.8745 0.8866 0.9278 
 

 

 
TPT onto fly ash, nSiO2, and nSiO2/fly ash composite can 

be described by the Freundlich adsorption isotherm, proba- 

bly due to the real heterogeneous nature of the surface sites 

involved in the process of adsorption. This is in support of 

the work by Han et al. (2007) who reported that the adsorp- 

tion of TPT onto modified chitosan fitted well with 

Freundlich adsorption isotherm. 

Moreover, the negative value of the Langmuir constants, 

Amax (mg/g) and kL (L/mg) for TPT adsorption onto the adsor- 

bents indicated the inadequacy of the Langmuir model to fit the 

process (Maarof and Hameed 2004). Thus, Freundlich model 

capacity of the adsorbent while the slope 1/nF indicates the 

effect of concentration on the adsorption capacity and rep- 

resents adsorption intensity. From Table 3, the Freundlich 

constants kF and nF were found to be 0.7008 and 0.6171 for 

fly ash, 0.3926 and 0.4524 for nSiO2, and 4.750 and 0.9088 

for the nSiO2/fly ash composite, respectively. The magni- 

tudes of kF and nF showed easy separation of TPT from the 

aqueous solution and indicated favorable adsorption. 

 
Effect of temperature 

 
The experimental result obtained on the effect of tempera- 

ture (Fig. 10) showed that the adsorption capacity of TPT 

 
Table 4 Thermodynamic parameters for adsorption of TPT onto fly 

ash, nSiO2, and nSiO2/fly ash composite 

 

100 
 

95 

 

Adsorbents Temperature 

(°C) 
ΔG° 

(kJ/mol) 

ΔS° 

(J/K/mol) 

ΔH° Kc 

(kJ/mol) 

Fly ash 40 −6.186 −52.11 −22.213   10.775 
90 50 −5.052 6.563 

85 60 −4.839 5.743 

70 −4.131 4.258 
80 

80 −4.093 4.034 
75 nSiO2 40 −7.404 −17.179 −12.788   17.208 

70 50 −7.233 14.788 

60 −7.084 12.922 
65 

70 −6.898 11.235 

60 80 −6.711 9.222 
30 40 50 60 70 80 90 

Temperature (oC) 
nSiO2/fly ash 

composite 

40 −9.955 −46.731 −24.435   45.860 

50 −8.508 30.908 −8.750 23.582 

Fig. 10 Effect of temperature on TPT adsorption onto fly ash, nSiO2, 

and nSiO2/fly ash composite. Experimental conditions: concentration 

of TPT= 100 mg/L; volume of TPT solution= 25 mL, mass of adsor- 

60 

70 −8.381 18.901 

80 −8.064 15.606 
bents= 0.5 g; contact time= 60 min; pH= 8; stirring speed= 200 rpm    
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Table 5 Physicochemi- 

cal properties of natural 

seawater 

 
 

Parameters 

Turbidity (NTU) 4.24 

pH 6.75 

Conductivity (mS/cm) 26.34 

TDS (ppt) 13.17 

Salinity (psu) 15.24 

Resistivity (ohms) 38.0 

TPT conc. (mg/L) 0.6432 

reported that the degradation of TPT progressed rapidly 

during the contact reactions at 20 and 60 °C and the degra- 

dation ratios were approximately 100 % for 16 h at 20 °C 

and for 8 h at 60 °C, respectively. The remediation of TPT 

onto adsorbents in most studies also takes hours, days, 

weeks, and months before notable percentage of TPT could 

be removed (Seligman et al. 1989; Takimura et al. 2003; 

Yamashita et al. 2010) but in this study, a higher percentage 

TPT removal was achieved at shorter time. 

Moreover, the difference between the overall adsorption 

performance for single adsorbents (fly ash and nSiO2) and 

onto the adsorbents decreases with increase in the solution 

temperature. This indicated that the adsorption of TPT onto 

fly ash, nSiO2, and nSiO2/fly ash composite is exothermic 

and it is also in support of the work reported by Han et al. 

(2007). Approximately 80.1, 90.8, and 93.9 % of TPT was 

removed from the initial concentration of 100 mg/L TPT by 

the fly ash, nSiO2, and nSiO2/fly ash composite, respective- 

ly, at a contact time of 60 min, pH 8, stirring speed 200 rpm, 

and temperature of 80 °C whereas 96.5, 96.9, and 99.2 % 

TPT was removed by fly ash, nSiO2, and nSiO2/fly ash 

composite at 20 °C at the same conditions. 

Figure 11 thus showed the Van't Hoff plot for the adsorp- 

tion of TPT onto fly ash, nSiO2, and nSiO2/fly ash compos- 

ite and the change in enthalpy (ΔH°), change in entropy 

(ΔS°), and change in free energy (ΔG°) are presented in 

Table 4. 

The negative values of ΔH° for the intervals of temper- 

atures studied (Table 4) showed the exothermic nature of the 

adsorption process. The negative values of ΔS° correspond 

to a decrease in degree of freedom of the adsorbed TPT and 

suggest the decrease in concentration of adsorbate in solid– 

solution interface indicating a decrease in adsorbate concen- 

tration onto the solid phase. ΔG° values were found to 

increase as the temperature increases, which indicated non- 

spontaneous adsorption and the degree of spontaneity of the 

reaction decreases with increase in temperature. 

The results obtained are similar to the degradation of TPT 

by iron oxide reported by Yamashita et al. (2010). They 

nSiO2/fly ash composite may be attributed to difference in 

the surface and micropore areas of the adsorbents (Table 1). 

nSiO2/fly ash composite with the highest surface and mi- 

cropore areas thus recorded the highest TPT adsorption 

capacity probably due to accumulation of more TPT 

(adsorbate) molecules as compared to the precursors. 

 
Application of TPT adsorption to TPT-contaminated natural 

seawater 

 
Optimal conditions for the adsorption of TPT from simulat- 

ed seawater were applied to TPT removal from contaminat- 

ed natural seawater obtained from Cape Town harbor. The 

physicochemical properties of the TPT-contaminated natural 

seawater were presented in Table 5 and the percentage of 

TPT removed after adsorption of TPT contained in 25 mL of 

natural seawater by 0.5 g of adsorbent, contact time of 

60 min, and stirring speed of 200 rpm under natural condi- 

tion is as shown in Fig. 12. 

Approximately 96.4, 96.8, and 99.1 % TPT was removed 

by the fly ash, nSiO2, and nSiO2/fly ash composite, respec- 

tively. The order of increasing TPT adsorption capacity was 

thus: fly ash<nSiO2 <nSiO2/fly ash composite. The percent- 

age TPT adsorbed from the contaminated natural seawater 

was slightly lower than the percentage removed from TPT- 

contaminated artificial seawater, this could be attributed to 

the presence of metal ions that might be present in the 

contaminated natural seawater. 

 

Fig. 12  Percentage TPT 

removed from TPT- 

contaminated natural seawater 
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Conclusion 

 

The study has shown the potential of fly ash, nSiO2, and 

nSiO2/fly ash composite to remove TPT from contaminated 

seawater. The adsorption data suggest that all the operating 

factors considered in this study are important parameter in 

the control of TPT adsorption. The percentage adsorption 

therefore increases with increasing adsorbent doses, contact 

time, pH, stirring speed, initial TPT concentration, and de- 

creases with increase in temperature. It is also evident that 

maximum adsorption can be achieved at normal saline water 

condition (pH 8) and at normal atmospheric temperature. 

The equilibrium data describe Freundlich isotherm models 

satisfactorily and the kinetic data were well described by 

pseudo-second-order model. Thermodynamic analysis also 

showed that the adsorption process was exothermic and 

non-spontaneous in nature. The results of this experimental 

study are highly useful for the remediation of TPT-laden 

shipyard process wastewaters. 

 

 
 

 


