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Abstract The remediation of tributyltin (TBT) by ad- 

sorption onto nFe3O4, activated carbon and nFe3O4/ 

activated carbon composite material as a function of 

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

TBT concentration and temperature was studied. The 

effect of temperature on kinetics and equilibrium of 

TBT sorption on the precursors and the composite was 

thoroughly examined. The adsorption kinetics is well 

fitted using a pseudo-second-order kinetic model, and 

the adsorption isotherm data of nFe3O4, activated car- 

bon could be described by the Freundlich isotherm 

model whereas nFe3O4/activated carbon composite 

could be described by the Freundlich and Dubinin– 
Radushkevich isotherm models. Thermodynamic pa- 

rameters (i.e. change in the free energy (∆G°), the en- 

thalpy (∆H°) and the entropy (∆S°)) were also evaluated. 
The overall adsorption process was endothermic and 

spontaneous in nature. The results obtained also showed 

that 99.9, 99.7 and 80.1 % TBT were removed from 

contaminated natural seawater by nFe3O4/activated car- 

bon composite, activated carbon and nFe3O4, respectively. 
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Nomenclature 

 

 

qe Amount of TBT adsorbed at equilibrium per 

unit weight of the adsorbent (in milligrams per 

gram) 

qt Amount of TBT adsorbed at any time (in mil- 

ligrams per gram) 

k1 Pseudo-first-order rate constant/minute 

k2 Rate constant of pseudo-second-order adsorp- 

tion (in grams per milligram minute) 

ho Initial adsorption rate (in milligrams per gram 

per minute) 

αE Constant in the Elovich rate equation (in grams 

per square minute per milligram) 

β Constant in the Elovich rate equation (in grams 

minute per milligram) 

kp Rate coefficient for particle diffusion con- 

trolled process 

k Fractional power rate constant 

ca Amount of adsorbed TBT on the adsorbent 

(in milligrams per gram) 

ce Equilibrium concentration of TBT in the bulk 

solution (in milligrams per litre) 

co Initial concentration of the TBT aqueous 

solution 

R Gas constant (in joules per mole kelvin) 

kL Langmuir isotherm constant 
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Amax Maximum monolayer TBT adsorption capacity 

(in milligrams per gram) 

tissues  of  marine  mammals  and  the  presence  of 

organotin compounds has been linked to mass mortal- 

kF Freundlich isotherm constant ities of marine mammals (seals, dolphins) through the 

nF Exponent in the Freundlich isotherm weakening of their immune systems, and it causes the 

kT Temkin isotherm constant superimposition of male genital organs (penis and vas 

bT Constant in the Temkin isotherm (in joules per deferens)  on  female  gastropods;  this  is  known  as 

 mole) imposex. The use of TBT-containing paints has been 

nT 

kD–R 

Constant in the Temkin isotherm, nT=RT/bT 

Dubinin–Radushkevich (D–R) isotherm 

banned (Brandli et al. 2009), but these paints are still 

applied to large shipping vessels while some third 

 constant world countries are still utilizing them on smaller ves- 

ε Polanyi potential=RT ln(1+1/ce) sels (Ayanda et al. 2012); hence, TBT can still be found 

E Mean free energy (in joules per mole), in the marine environment (Tesfalidet 2004). 

 E=1/√2kD–R     The  adsorption  of  TBT  from  shipyard  process 

qm Maximal substance amount of adsorbate per wastewater before discharge into the aquatic environ- 

 gram of the adsorbent ment is therefore very pertinent. The adsorption of 

ΔG° Standard Gibbs free energy (in kilojoules per TBT onto soot and charcoals (Fang et al. 2010), dead 

 mole) and live cells of microalgal species (Tam et al. 2002), 

ΔH° Standard enthalpy change (in kilojoules per sediments and clay (Hoch et al. 2002), mineral surfaces 

 mole) (Weidenhaupt et al. 1997), diesel oil (Song et al. 2005), 

ΔS° Standard entropy change (in joules per kelvin municipal solid waste compost (Said-Pullicino and 

 per mole) Vella 2005), activated carbon (Ayanda et al. 2013a, b) 

T Absolute temperature and iron oxides (Honda and Takahashi 2006) has been 

Kc Thermodynamic equilibrium constant reported. However, the kinetics and equilibrium data 

  on the sorption of TBT from seawater to oxides and 

  carbon are limited, and no work has been reported on 

  the  use  of  nano-iron  (III)  oxide  (nFe3O4)  and/or 

1 Introduction 

 

Tributyltin (TBT) is an organic biocide that has been 

widely used as antifouling paints, wood and stone 

treatment, pesticides, textile preservation, water paints, 

industrial water system and paper/leather industry 

(Fang et al. 2010). Antifouling paints are used to pre- 

vent the growth of fouling organisms on marine struc- 

tures and vessels. The paints are directed at marine 

organisms that settle on solid surfaces after a period 

of mobility in the sea. The growth of fouling organisms 

on the hulls of vessels adversely affects the movement 

of vessels in water, resulting in increased fuel costs and 

transit time for the shipping industry. Fouling organ- 

isms can also interfere with the operation of submerged 

equipment and lead to the increased corrosion of ma- 

rine structures. A consequence of the effectiveness of 

organotin antifoulants (e.g. TBT) is their exceptional 

toxicity to non-target marine organisms (Sheikh et al. 

2007). 

Scientific evidence has therefore demonstrated the 

extreme negative impacts of TBT (Fig. 1) on the ma- 

rine environment. High concentration of TBT in the 

nFe3O4/activated carbon composite for the adsorption 

of TBT from seawater. 

In this study, the adsorption potential of nFe3O4, 

activated carbon and nFe3O4/activated carbon compos- 

ite in the removal of TBT from artificial seawater has 

been studied and compared. The effects of adsorbent 

amount, contact time, pH, stirring speed, initial con- 

centration and temperature on the adsorption capacity 

of precursors and the composites have been investigat- 

ed. 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 TBT were evaluated. 

Finally, optimal conditions for the adsorption of TBT 

from artificial seawater were applied to TBT removal 

 
 

 

Fig. 1  Tributyltin chloride 
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from TBT-contaminated natural seawater and the result 

obtained compared. 

 

 

2 Methods and Materials 

 

2.1 Adsorbents 

 
Activated carbon (100–400 mesh) and iron (II, III) 

oxide nanopowder (particle size <50 nm) were pur- 

chased from Sigma Aldrich, USA. Composite material 

involving nFe3O4 and activated carbon in the ratio 1:1 

was prepared by the method reported by Fatoki et al. 

(2012). The surface and micropore areas of the precur- 

sors and the composite were determined by Tristar 

3000 analyzer. Carbon, nitrogen and hydrogen con- 

tents were determined by Euro EA elemental analyzer, 

and the point of zero charge was determined by mass 

titration. The physicochemical properties of the precur- 

sors and the composite were presented in Table 1. 

 

2.2 Chemical Reagents 

 
Tributyltin chloride (purity 98 %), methanol, hexane, 

acetic acid, sodium hydroxide and sodium tetraethylborate 

(NaBEt4) were purchased from Sigma Aldrich, USA, 

while carbonate, sulphate and chloride salts for the prep- 

aration of artificial seawater were supplied by Merck. 

Stock solution containing 1,000 mg/L TBT was prepared 

by dissolving the organotin compound in methanol and 

prepared by the method of Ayanda et al. (2013a). Tris– 
HCl buffer and NaOH solution were used to adjust the pH 

during the study of the effect of pH. 

 

 
2.3 Analysis of TBT 

 
The concentration of TBT in artificial or natural sea- 

water before and after the adsorption studies was de- 

termined after derivatization by the addition of 1.0 mL 

of acetate buffer and 1.0 mL of 1 % NaBEt4, followed 

by extraction into hexane by horizontal shaking in a 

separation funnel. The extracts were reduced to 1.0 mL 

and analyzed by the use of gas chromatography–flame 

photometric detection (GC–FPD) (Shimadzu GC-2010 

Plus). Table 2 shows the GC–FPD operating parame- 

ters used for TBT analysis. 

 

 
2.4 Adsorption Experiments 

 
Adsorption experiment was carried out by shaking 

0.5 g of adsorbents in 25.0 mL of TBT solutions with 

an initial concentration of 100 mg/L (pH 8) at room 

temperature (20 °C). After 60 min, the aqueous sam- 

ples were filtrated and the concentrations of TBT in the 

filtrates were analyzed. All experiments were carried 

out in triplicate, and amount of TBT adsorbed (in 

milligrams per gram) was calculated based on a mass 

balance equation as given in Eq. (1): 

 ðco −ce ÞV   
stored in the dark at 4 °C. Working solutions were pre- 

pared daily. Working solution of the derivatization agent 
qe ¼ 

W
 

ð1Þ 

was made up daily by dissolving 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 L with deionised water 

resulting in a pH 4.5) was also prepared. A 1-L solution 

of artificial seawater (pH 8, marine water condition) was 

where qe is the equilibrium adsorption capacity per 

gram dry weight of the adsorbent, in milligrams per 

gram; co is the initial concentration of TBT in the 

solution, in milligrams per litre; ce is the final or equi- 

librium  concentration  of  TBT  in  the  solution,  in 
 

Table 1  Physicochemical prop- 

erties of nFe3O4, activated car- 

 
Characteristics 

 
nFe3O4 

 
Activated carbon 

 
nFe3O4/activated carbon 

bon and nFe3O4/activated carbon 
composite 

 

pH 
 

5.95 
 

3.30 
 

2.58 

 PZC 6.58 2.06 1.39 

 Surface area (m2/g) 37.18 1,156.6 361.12 

 Micropore area (m2/g) 3.98 442.7 122.86 

 Carbon content (%) 0.46 71.4 33.28 

 Nitrogen content (%) BD 0.35 0.19 

Hydrogen content (%) BD 2.82 1.91 
BD below detection limit    
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Table 2  GC–FPD operating parameters 

GC injection parameters 

Mode Splitless 

Volume 1.0 μL 

Sampling time 1.00 min 

Temperature 270 °C 

Pressure 121.3 kPa 

Total flow 20.2 mL/min 

Column flow 1.56 mL/min 

Linear velocity 35.5 cm/s 

Purge flow 3.0 mL/min 

Column parameters 

Column information HP5 (5 % phenyl 

methyl siloxane, 

with an initial concentration of 100 mg/L (pH 8) at 

20 °C. After pre-defined contact time (10–70 min), 

the aqueous samples were filtered, and the concentra- 

tion of TBT in the filtrate was determined. Pseudo- 

first-order, pseudo-second-order, Elovich, fractional 

power and intra-particle diffusivity kinetic rate equa- 

tions (Horsfall and Spiff 2004; Wahab et al. 2010) 

have been used for modelling the kinetics of TBT 

adsorption (Eqs. 2–6). 

 

logðqe−qtÞ ¼ log qe−k1t=2:303 ð2Þ 

 

t=qt ¼ 1=k2q2 þ 1=q ðtÞ ð3Þ 
30 m×0.25 mm, e e 

i.d., film thickness 

0.25 μm) 

Temperature 60 °C 

Carrier gas Helium 

Equilibration time 1.0 min 

Oven programme Initially at 60 °C 

hold for 1 min, 

then heated to 

280 °C at 10 °C/min, 

hold for 4 min 

Detector (FPD) parameters 

Temperature 300 °C 

Sampling rate 80.0 ms 

Stop time 27.00 min 

Delay time 0.00 min 

H2 flow 120.0 mL/min 

Air flow 100.0 mL/min 
 

 

 
milligrams per litre; V is the volume of the solution, in 

litre and W is the dry weight of the adsorbent, in grams. 

 
2.4.1 Effect of Adsorbent Amount 

 
The amount of adsorbents (adsorbent dose) ranging 

from 0.0625 to 1.0 g per 25.0 mL of TBT solution 

was investigated on the efficiency of the adsorption 

process. A graph of the percentage of TBT adsorbed 

(ca), in milligrams per gram on the adsorbent was 

plotted against the adsorbent dose. 

 
2.4.2 Adsorption Kinetics 

 
Adsorption kinetics study was carried out by shaking 

0.5 g of the adsorbents in 25.0 mL of TBT solutions 

qt ¼ ð1=βÞ:lnðαE=βÞ þ ð1=βÞ:lnðtÞ ð4Þ 

 
 

log  qt  ¼ log  k þ v log  t ð5Þ 

 

Inð1−αÞ ¼ −kpt ð6Þ 

where k1, k2, αE and β, k and kp are the pseudo-first- 

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

and intra-particle diffusivity constants, respectively. 

 
2.4.3 Effect of pH and Stirring Speed 

 
The adsorption behaviour of TBT on the adsorbents 

was studied at different pH values in the range of pH 3– 
9. The percentage of adsorbed TBT (ca), in milligrams 

per gram on the adsorbent was plotted against pH. 

Studies on mixing speed were also performed by com- 

paring the adsorption efficiency of TBT on the adsor- 

bents at various mixing speeds from 160 to 200 rpm. 

 
2.5 Adsorption Isotherm 

 
The adsorption isotherms were investigated by varying 

the initial TBT concentration from 12.5 to 200 mg/L at 

optimized adsorbent dose, contact time, pH and stirring 

speed established after optimization of working param- 

eters. The equilibrium data were fitted by Langmuir 

(Wahab et al. 2010; Liu et al. 2011), Freundlich (Kumar 

et al. 2003), Temkin (Celebi et al. 2007) and D–R 
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(Hutson and Yang 1997) isotherm models (Eqs. 7–10). 3 Results and Discussion 

ce 
¼ 

1 þ  
1   ⋅c 

 
ð7Þ 

 
3.1 Adsorbent Amount 

 

 

ca AmaxkL 
Amax     

e
 

 

1 

 

The effect of adsorbent amount on the adsorption of TBT 

by the nFe3O4, activated carbon and nFe3O4/activated 

log ca ¼ log k F þ 
F 

log  ce ð8Þ carbon composite is as shown in Fig. 2. It was observed 

that the percentage adsorption increased with increasing 

adsorbent dose, reaching an optimum at 0.5 g for the 

nFe3O4, activated carbon and nFe3O4/activated carbon 

ca ¼ nTln kT þ nTln ce ð9Þ 

 

 
ln ca ¼ ln qm − kD−Rε2 ð10Þ 

The constants kL, Amax, kF, nF, nT, kT,  qm and kD–R 

where calculated from the intercept and the slope of 

the plots obtained from Eqs. 7–10. 

 
2.6 Thermodynamics 

 
Thermodynamic study was carried out by shaking 

0.5 g of adsorbents in 25.0 mL of TBT 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 TBT in the filtrates were analysed. 

The thermodynamic parameters were thus determined 

from the thermodynamic equilibrium constant, Kc. The 

standard Gibbs free energy ΔG° (in kilojoules per 

mole) was calculated using Eq. 11 while the values of 

the standard enthalpy change ΔH° (in kilojoules per 

mole) and standard entropy change ΔS° (in joules per 

kelvin per mole) were calculated from the intercept and 

the slope of the linear plot  of  log  Kc  versus  1/T 

(Eq. 12). 

ΔGo ¼ −RT  In Kc ð11Þ 

composite, corresponding to 77.2, 99.7 and 94.3 % re- 

moval, respectively. A mass of 0.5 g was therefore 

selected as the optimum adsorbent amount utilized for 

further studies. 

 
3.2 Contact Time and Kinetics 

 
Figure 3 shows the effect of contact time on adsorption 

of TBT by the precursors and the composite material. 

The TBT removal efficiencies at different time intervals 

ranging from 10 to 70 min were obtained. It was ob- 

served that equilibrium was approximately achieved 

within 60 min and the corresponding TBT removal 

efficiency for nFe3O4, activated carbon and 

nFe3O4/activated carbon composite from the initial con- 

centration of 100 mg/L TBT by the adsorbents reaches 

3.81, 4.84 and 4.71 mg/g, respectively. 

Figure 4 shows the pseudo-first-order, pseudo-second- 

order, Elovich, fractional power and intraparticle diffu- 

sivity kinetic plots, respectively, while Table 3 provides 

the evaluated parameters of all the kinetics models. The 

values of correlation coefficients (R
2
) of pseudo-second- 

order kinetic model (>0.999) is higher than that of all 

other models indicating that the kinetic model for the 

adsorption of TBT onto the precursors and composites 

is pseudo second-order. The intraparticle coefficients for 

the adsorption of TBT by the precursors and the com- 

posite were also calculated. 

The results indicate that the power function mod- el 

satisfactorily describes the time dependence of TBT 

ΔSo
 ΔHo

 on various adsorbents as the value of the constant v was 

log Kc ¼ 
2:303R 

− 
2:303RT 

ð12Þ
 

where R is the universal gas constant (8.314 J/mol K), 

T is absolute temperature, Kc (thermodynamic equilib- 

rium constant) is the amount of the TBT (in milli- 

grams) adsorbed on the adsorbent per litre of the solu- 

tion at equilibrium divided by the equilibrium concen- 

tration of TBT in the solution. 

less than 1, and the regression coefficients for activated 

carbon and nFe3O4/activated carbon composite were 

greater than 0.96. Compliance with pseudo-second- 

order kinetic model shows that the rate-limiting step 

for the adsorption of TBT on the adsorbents is chemi- 

sorption (Ayanda et al. 2013a). The value of the initial 

adsorption rates, ho, obtained for the pseudo-second- 

order kinetics (Table 3) therefore decreased as follows: 

n 
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Fig. 2  Adsorption efficien- 

cies of TBT onto nFe3O4, 

activated carbon and 

nFe3O4/activated carbon 

composite.  Experimental 

conditions: concentration of 

TBT=100 mg/L; volume of 

TBT solution=25.0 mL, 

contact time=60 min; stir- 

ring speed=160 rpm, 

temperature=20 °C 

120 

 
100 

 
80 

 
60 

 
40 

 
20 

 
0 

 
 
 

 
 
 
 

 
 
 
 
 
 
 
 

0 0.2 0.4 0.6 0.8 1 1.2 

Mass of adsorbent (g) 

 

 

 

 
 

Activated carbon nFe3O4                                 

nFe3O4/activated carbon 

 

4.0650 mg/g/min (activated carbon)>3.2010 mg/g/min 

(nFe3O4/activated carbon composite)>0.8428 mg/g/min 

(nFe3O4) indicating that activated carbon and nFe3O4/ 

activated carbon composite can sorb TBT more rapidly 

than and nFe3O4. 

 
3.3 pH 

 
One of the most important factors that affect the ad- 

sorption of TBT is the pH of the solution. The pH 

affects both the adsorbent and adsorbate chemistry in 

solution. The effect of pH on the adsorption of TBT 

onto the adsorbents was studied at pH 3–9. It was 

observed from Fig. 5 that the percentage of TBT 

adsorbed by the adsorbents steadily increases as the 

pH of the solution increases from pH 3 to 8 and reaches 

equilibration at pH>8. This is supported by the results 

obtained by Fang et al. (2010) and Weidenhaupt et al. 

(1997). It is therefore evident that maximum adsorp- 

tion was recorded within the pH range of normal saline 

water (pH 8) (Ayanda et al. 2013b). 

About 96.9, 77.3 and 94.5 % of TBT were removed 

from the initial concentration of 5 mg/g TBT by the 

activated carbon, nFe3O4 and nFe3O4/activated car- 

bon composite,  respectively,  at  a  contact time  of 

60 min, stirring speed of 160 rpm, pH 8 and a tem- 

perature of 20 °C. The order of increasing adsorption 

capacity was thus: nFe3O4<nFe3O4/activated carbon 

composite<activated   carbon. 

 
3.4 Stirring Speed 

 
The effect of stirring speed on the adsorption of TBT 

onto the adsorbents was studied at a stirring speed of 

160–200 rpm. The adsorption capacity of the adsor- 

bents also increases with increase in the stirring speed. 

Maximum amounts of 99.3, 81.9 and 99.9 % of TBT 

were removed from the initial concentration of 5 mg/g 

TBT by the activated carbon, nFe3O4 and nFe3O4/ 

activated carbon composite, respectively, at a contact 

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

stirring speed of 200 rpm (Fig. 6). The order of de- 

creasing adsorption capacity was: nFe3O4/activated 

carbon composite>activated carbon<nFe3O4. 

For the effect of adsorbent amount, contact time and 

pH on the adsorption of TBT onto nFe3O4/activated 

carbon composite, the performance of the composite 

was initially lower than that of its precursors. However, 

the adsorption capacity was greatly enhance than for 

activated carbon and nFe3O4  at higher stirring speed 
 

Fig. 3  Effect of contact time 

on TBT adsorption onto 

nFe3O4, activated carbon 

and nFe3O4/activated carbon 

composite.  Experimental 

conditions: concentration of 

TBT=100 mg/L; volume of 

TBT solution=25.0 mL, 

mass of adsorbent=0.5 g; 

stirring speed=160 rpm, 

temperature=20 °C 

6 

 
5 

 
4 

 
3 

 
2 

 
1 

 
0 

0 20 40 60 80 

Contact time (min) 

 

 

 
Activated carbon 

nFe3O4 

nFe3O4/activated carbon 

A
d

so
r
p

ti
o

n
 c

a
p

a
c
it

y
 (

m
g
/g

) 
%

T
B

T
 a

d
so

r
b

e
d

 



Water Air Soil Pollut (2013) 224:1684 Page 7 of 13, 1684 
 

 

ln
 (

1
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 )
 

Fig.   4  Pseudo-first-order   rate   (a), 

pseudo-second-order (b), Elovich (c), 

fractional power (d) and intraparticle 

diffusivity (e) equation plots for TBT 

adsorption onto activated carbon, 
nFe3O4 and nFe3O4/activated carbon 

composite 
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Table 3  Kinetic model parame- 

ters for TBT adsorption onto 
nFe3O4, activated carbon and 

nFe3O4/activated carbon 

composite 

 
 

Kinetic models nFe3O4 Activated carbon nFe3O4/activated carbon 

Pseudo first-order 

 

 
Pseudo-second-order 

 

qe (mg/g) 4.1068 4.9309 4.8239 

ho (mg/g/min) 0.8428 4.0650 3.2010 

k2 (g/mg/min) 0.0500 0.1672 0.1376 

R2 0.9994 0.9999 0.9999 

Elovich 
 

β (g min/mg) 1.6844 5.0025 4.0145 

α (g min2/mg) 18.1109 2.712 x 109
 1.11 x 107

 

R2 0.9221 0.9651 0.9807 

Fractional power 

v (min
−1

) 0.1842 0.0428 0.0554 

k3 (mg/g) 1.8147 4.0616 3.7601 

k3v (mg/g/min) 0.3343 0.1738 0.2083 

R2 0.8998 0.9660 0.9801 

Intraparticle  diffusivity 
−1 

kp (min ) 0.0158 0.0217 0.0169 

R
2 

0.8431 0.9200 0.9219 
 

 

 

(170–200 rpm); this might be as a result of the deposi- 

tion of nFe3O4 on the surface of activated carbon 

which initially block some of the available pores. At 

high speed, the pores were unrestricted at high stirring 

speed making all the pores available for adsorption (Shin 

and Song 2011). Moreover, the higher adsorption capac- 

ity of nFe3O4/activated carbon composite compared to 

activated carbon and nFe3O4 may also be attributed to the 

combination of the adsorption characteristic of activated 

carbon with the catalytic properties of iron oxide contained 

in the composite material. 

3.5 Isotherms 

 
Figure 7 shows the equilibrium isotherms for the adsorp- 

tion of TBT unto activated carbon, nFe3O4 and nFe3O4/ 

activated carbon composite, respectively. The results also 

show that the adsorption of TBT on the adsorbents in- 

creased as the initial TBT concentration increased from 

12.5 to 100 mg/L, indicating that adsorption is also 

favourable for the higher TBT concentrations that have 

been investigated. The increase in the adsorption capacity 

with an increase in initial TBT concentration is a result of 

 
 

Fig. 5  Effect of pH on TBT 

adsorption onto activated 

carbon, nFe3O4 and nFe3O4/ 

activated carbon composite. 

Experimental  conditions: 

concentration of 

TBT=100 mg/L; volume of 

TBT solution=25.0 mL, 

mass of adsorbent=0.5 g; 

contact time=60 min; stir- 

ring speed=160 rpm, 

temperature=20 °C 
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1 0.0157 0.0216 0.0168 
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R2 0.8431 0.9200 0.9219 
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Fig.   6  Effect   of   stirring 

speed on TBT adsorption 

onto activated carbon, 

nFe3O4 and nFe3O4/activat- 

ed carbon composite. Ex- 

perimental conditions: con- 

centration of TBT=100 mg/ 

L; volume of TBT 

solution=25.0 mL, mass of 

adsorbent=0.5 g; contact 

time=60 min; 

temperature=20 °C 
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the increase in driving force due to concentration gradient 

developed between the bulk solution and surface of the 

adsorbents. At higher concentration of TBT, the active 

sites of the adsorbents were surrounded by much more 

TBT and the process of adsorption continues, leading to 

an increased uptake of TBT from the solution. Therefore, 

the values of ca increased with the increase in the initial 

TBT concentrations. 

The adsorption isotherm parameters obtained from all 

the models were given in Table 4. The experimental data 

fitted well with Freundlich model for all the adsorbents 

used. This is probably due to the real heterogeneous 
 

Fig. 7  Equilibrium isotherms 

for the adsorption of TBT 
unto activated carbon (a), 

nFe3O4 (b) and nFe3O4/acti- 

vated carbon composite (c) 
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Table 4  Isotherms constants for 

the adsorption of TBT onto 

 
Equilibrium models 

 
nFe3O4 

 
Activated carbon 

 
nFe3O4/activated carbon 

nFe3O4, activated carbon and 
nFe3O4/activated carbon 

 

Freundlich 
   

composite kF [mg/g (L/mg)1/n] 0.1919 6.6589 313.40 

 nF 0.9523 0.8375 0.5554 

 R2 0.9999 0.9977 0.9583 

 Langmuir    

KL (L/mg) −0.0033 −0.2494 −4.9461 

Amax (mg/g) −62.5 −19.0476 −4.0355 

R2 0.7395 0.6952 0.6233 

 Temkin    

nT (L/g) 2.7792 3.8895 6.1089 

kT (mg/L) 0.3307 6.1492 27.6081 

bT (J/mol) 876.51 626.30 398.76 

R2 0.8739 0.8899 0.9146 

Dubinin–Radushkevich 

kD–R  (J
2
/mol

2
) 3×10 

 
8×10

−8
 

 
5×10

−8
 

 

qm (mg/g) 3.8892 8.1858 41.9761 

E (J/mol) 408.25 2,500 3,162.2 

R2 0.7402 0.9279 0.9683 

 

 

 

 
Fig. 8  Effect of temperature 

(a) and Van't Hoff plot (b) 

for the adsorption of TBT 

onto activated carbon, 

nFe3O4 and nFe3O4/activat- 

ed carbon composite. Ex- 

perimental conditions: con- 

centration of TBT=100 mg/ 

L; volume of TBT 

solution=25.0 mL, mass of 

adsorbents=0.5 g; contact 

time=60 min; pH=8; stirring 

speed=200 rpm 
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Table 5  Thermodynamic pa- 

rameters for adsorption of TBT 
onto nFe3O4, activated carbon 

and nFe3O4/activated carbon 

composite 

 
 

Temperature (°C) ΔG° (kJ/mol) ΔS° (J/K/mol) ΔH° (kJ/mol) Kc 
 

 

nFe3O4 

40 −7.036 79.9259 17.885 14.94 

50 −7.708 17.64 

60 −9.221 27.96 

70 −9.688 29.88 

80 −9.989 30.08 

Activated carbon 

40 −17.434 127.830 22.293 812.0 

50 −19.080   1,218.5 

60 −20.679   1,753.4 

70 −21.731   2,039.8 

80 −22.425   2,082.3 

nFe3O4/activated carbon 

40 −19.78 172.933 34.473 1,999.0 

50 −21.01   2,499.0 

60 −23.19   4,346.8 

70 −25.31   7,141.9 

80 −26.26   7,691.3 

 

nature of the surface sites involved in the process of 

adsorption (Ayanda et al. 2013a). In addition to the 

Freundlich model, the adsorption of TBT by the 

nFe3O4/activated carbon composite also fitted well with 

D–R isotherm model (>0.95) whereas the precursors do 

not. The value of nF, for all the adsorbents, falling in the 

range 1–10 indicates favourable adsorption. 

Moreover, the negative value of the Langmuir con- 

stant, Amax (in milligrams per gram), for TBT adsorption 

indicates an inadequacy of the Langmuir model to fit the 

process. Thus, Freundlich model was the best model to 

explain the adsorption behaviour of TBT onto the ad- 

sorbents. The negative value obtained for the Langmuir 

 

Table 6 Physicochemical properties of TBT-contaminated nat- 

ural seawater 

 

model is supported by the work reported by Maarof and 

Hameed (2004) and Ayanda et al. (2013a, b). 

 
3.6 Temperature 

 
The experimental result obtained on the effect of tem- 

perature (Fig. 8a) showed that the adsorption capacity 

increases with increase in the solution temperature. This 

indicates that the adsorption of TBT on the precursors 

and the composite is endothermic. The increase in the 

rate of adsorption with the increase in temperature may 

be attributed to the strong adsorptive forces between 

the active sites of the adsorbents and adsorbate spe- 

cies and also between the adjacent molecules of the 

adsorbed phases. 

Approximately 96.8, 99.8 and 99.9 % of TBT were 

removed from the initial concentration of 5 mg/g TBT 

by nFe3O4, activated carbon and nFe3O4/activated car- 

bon composite, respectively, at a temperature of 80 °C, 

contact time of 60 min, pH 8 and a stirring speed of 

200 rpm. The order of increasing adsorption capacity 

was thus: nFe3O4/activated carbon composite>activated 

carbon>nFe3O4. 

Figure 8b shows the Van't Hoff plot for the adsorp- 

tion of TBT, and the variation in the extent of adsorp- 

tion with respect to temperature has been explained on 

Parameters  

Turbidity (NTU) 3.31 

pH 7.82 

Conductivity (mS/cm) 37.56 

TDS (ppt) 20.78 

Salinity (psu) 22.65 

Resistivity (Ω) 26.5 

TBT concentration (mg/L) 2.534 
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the basis of the change in enthalpy (ΔH°), change in 

entropy (ΔS°) and change in free energy (ΔG°) as 

shown in Table 5. 

The positive values of ΔH° for the intervals of 

temperatures showed that the adsorption process is 

endothermic. ΔG° values were also found to be more 

negative as the temperature increases, which indicates 

that the adsorption efficiency of TBT onto the precur- 

sors and composite increases with increase in temper- 

ature (Table 5). The positive values of ΔS° correspond 

to increase in degree of freedom of the adsorbed TBT 

for all the adsorbents indicating an increase in the 

adsorbate concentration onto the adsorbents surfaces 

(Ayanda et al. 2013b). 

 
3.7 Application of Optimized Conditions 

to the Adsorption of TBT in Natural Seawater 

 
Optimal conditions for the adsorption of TBT from 

artificial seawater were applied to TBT removal from 

contaminated natural seawater obtained from Cape 

Town harbour. The physicochemical properties of 

seawater are presented in Table 6. The results 

obtained showed that 99.9, 99.7 and 80.1 % TBT were 

removed from TBT-contaminated natural seawater by 

the nFe3O4/activated carbon composite, activated car- 

bon and nFe3O4, respectively, after adsorption of TBT 

contained in 25.0 mL of TBT-contaminated natural 

seawater by 0.5 g of adsorbent, contact time of 60 min 

and stirring speed of 200 rpm under natural condition. 

 

 

4 Conclusion 

 

The precursors and the composite can be used as an 

effective adsorbent for the removal of TBT from seawa- 

ter. The nFe3O4/activated carbon composite thus offer 

higher removal efficiency (>99.8 %) of TBT when 

compared with the precursors. Increasing the contact 

time, pH, stirring speed and temperature increased the 

TBT adsorption rate of all the adsorbents. The pseudo- 

second-order kinetic model accurately described the 

adsorption kinetics. The Freundlich isotherms showed 

a better fit for TBT adsorption onto activated carbon, 

nFe3O4 and nFe3O4/activated carbon composite materi- 

al when compared with Langmuir, Temkin and D–R 

adsorption isotherm models. In addition to Freundlich 

isotherm, nFe3O4/activated carbon composite also 

showed a better fit to D–R adsorption isotherm model. 

Thermodynamic analysis showed that the adsorption 

process was endothermic and spontaneous in nature. 

Finally, 99.9, 99.7 and 80.1 % TBT were removed from 

natural seawater by nFe3O4/activated carbon composite, 

activated carbon and nFe3O4, respectively. Adsorption 

of TBT by the use of activated carbon or nFe3O4/ 

activated carbon composite is therefore an important 

process that can be used to reduce the concentration of 

TBT at the harbour and/or wastewaters to a minimum 

level before discharge into the marine environment. 
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