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Abstract

The adsorption of F¥ ion on granular activated carbon has been studied in kinetic and equilib-
rium conditions taking into account the adsorbate concentration, temperature and solution pH as
major influential factors. In addition, the effect of nitrilotriacetic acid on adsorption reaction as a
complexing agent has been examined. Kinetic studies showed that the adsorption rate was increased
as the initial F& concentration was raised. The adsorption reaction was estimated to be first-order
at room temperature. The adsorption rate and equilibrium adsorptiorfbifi@eased as the tem-
perature rose. The activation energy for adsorption was approximately 2.231] mbich implied
that Fé+ mainly physically adsorbed on activated carbon. Coexistence of nitrilotriacetic acid with
Fe*t resulted in a decrease of equilibrium adsorption and the extent of decrease was proportional
to the concentration of nitrilotriacetic acid. In the presence of nitrilotriacetic acid, the adsorbability
of Fe*t decreased with pH. However, the trend was reversed in the absence of nitrilotriacetic acid.
When activated carbon was swelled by acetic acid, the specific surface area was increased and max-
imum swelling was achieved at approximately 48 h of swelling time. Thermodynamic parameters
such asAG°, AH° andA S’ for adsorption reaction were estimated based on equilibrium data and
in connection with these results the thermodynamic aspects of adsorption reaction were discussed.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Adsorption; Ferric ion; Complexing agent; Swelling; Thermodynamic calculation

1. Introduction

Arguably, iron is the most useful and widely used metal in many industries. Iron is an
intrinsic component of steel that is used for many industrial materials. In the process of
producing iron or manufacturing goods containing iron, much water is needed. As a result,
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a considerably large amount of wastewater that contains iron is generated as a by-product.
That water needs to be treated before discharge.

In general, iron is regarded as one of the essential metal elements for humans. Approxi-
mately 3000-5000 mg of iron exists in the human bfidy Therefore, one can deduce that
as long as the quantity of iron in the environment is not too great, it may not be harmful
to the human body. However, iron can cause undesirable problems in industrial processes
or ecosystems if its concentration in wastewater is not managed properly. For example, the
precipitates of iron hydroxide may block pipes and concentrated iron in the water can be
accumulated biologically. Also, iron can act as a source material for an unpleasant taste or
odor in water. In addition, precipitates of iron form turbidity, which limit the usage of water
for drinking or industrial processes. Since iron in the wastewater is able to induce several
problems, it has been regarded as one of the major target materials to be r¢#joved

In order to control iron content in water, many types of treatment technologies have been
utilized, such as precipitation, electrochemical deposition, solvent extraction, ion exchange
and adsorption, etd3—10]. Precipitation is known to be effective for the treatment of
wastewater with a high concentration of iron, but the large amount of sludge produced after
treatment may cause side effects. lon exchange and solvent extraction may be successfully
used to reduce the iron concentration to a very low level. However, these processes are
known to be very costly. In contrast, adsorption is a cost-effective technique and, is simple
to operate. Adsorption usually does not require significant amounts of chemicals and energy
and, in some cases, no chemical is needed at all.

The purpose of this study was to investigate the adsorption characteristics of iron(lll) ion,
which is one of the major elements in iron-containing wastewater, onto granular activated
carbon. Activated carbon is known to be very effective for adsorption of heavy metal ions
due to its high surface area. Granular form is preferred over powder type because it is easier
to handle. The adsorption kinetics offehave been studied by examining the change in
adsorption rate with time for different initial iron concentrations. The effects of pH and
temperature on adsorption were also studied and, based on the results, equilibrium charac-
teristics and thermodynamic properties of the adsorption reaction have been estimated.

Another aspect of this study was the examination of the influence of complexing agent on
the adsorption reaction since the existence of complexing agents in aqueous system is known
to be very influential on the mobilization of heavy metal species that may otherwise be bound
to natural particulate matter. Nitrilotriacetic acid (NTA) was chosen as the complexing agent
because itis a potential displacer for phosphates, which are contained in most domestic and
industrial detergents. Finally, the swelling effect on the surface property of activated carbon
was studied, which as swelling most likely allowed the modification of surface area of
adsorbent hence anticipating the change in the overall removal efficiency of Fe

2. Materials and methods
2.1. Preparation of adsorbent

Granular activated carbon purchased from Samchulli Co. was ground and sieved to a
uniform size range of 710-10@0n. A N> gas adsorption test showed that the average pore
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diameter of activated carbon was ca. 1.7 nm and the pore volume was about 03&ft#cm

The prepared activated carbon was dried in oven at Cdor more than 3 h and stored in a
desiccator with silica gel. For the prevention of surface oxidation of adsorbent, an adequate
amount of activated carbon for each test was prepared immediately before the experiment
and used without delay.

2.2. Specific surface area measurement

Approximately 15g of activated carbon were placed in a vacuum desiccator (Kartell
Inc.) containing diphosphorus pentaoxide@s, >97.5% pure, Kanto Chemical Co., Ltd.)
and put under a vacuum for more than 1h to remove moisture from the surface. After
weighing the dehydrated adsorbent, an excess amount ethylene glycol monoethyl ether
(EGME, 95% pure, Junsei Chemical Co., Ltd.) was applied to the adsorbent to fully wet the
surface and vacuum was used again in a desiccator containing calcium chloridg @58€|
pure, Aldrich Co.) instead of diphosphorus pentaoxide. By plotting the weight of EGME
remaining on the adsorbent as a function of vacuum time, the equilibrium weight of EGME
for a monolayer coverage was obtained. Subsequently, the specific surface area of activated
carbon was estimated using the following equation:

Wy

Ag= — 3
*™ Ws x 0.000286

1)
whereAs is the specific surface area {r 1), Wy the weight of EGME remaining on

the sample after monolayer equilibration (§Ys the weight of initial sample dried by
diphosphorus pentaoxide (g), 0.000286 the weight of EGME required to form a monolayer
on 1 n? of surface (g m?) [11].

2.3. Swelling of activated carbon

Oven dried activated carbon prepared for the adsorption experiment was used for the
swelling test with no further treatment. Approximately 250 ml of glacial acetic acid
(CH3COOH, >99% pure, Kanto Chemical Co., Ltd.) were put into a desiccator, which
was submerged in a water bath (JEIO TECH Co., Model WB-30D) with the temperature
controlled at 60C. Approximately 1 h was allowed to saturate the inner space of desic-
cator with acetic acid vapor. Then, approximately 20 g of activated carbon were put in the
desiccator and exposed to the vapor. The activated carbon was stirred occasionally to make
the swelling even for the entire volume and the carbon’s weight was measured according
to swelling time. The swollen carbon was dried in an oven at’@for 24 h and cooled in
a desiccator with silica gel for the adsorption experiment.

2.4. Adsorption test
2.4.1. Without NTA

To investigate the kinetic aspects of adsorption, adsorption experiments were carried out
using 0.5, 1.0, 1.5 and@x 10~3 M of Fe3* solution at pH 2 varying the adsorption time.
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After preparing stock solution by dissolving iron sulfate hexahydrate(&a,)3-6H,0,
>99.9% pure, Showa Chemicals Inc.) in deionized water (£3 Meach desired concen-
tration was obtained by diluting this stock solution. Activated carbon (1 g) was put into a
250 ml conical flask containing 50 ml of Eesolution and shaken at 2€ and 200 rpm in

a mechanical shaking incubator (Vision Scientific Co., Model KMC-8480) equipped with a
temperature controller. To examine the effect of temperature on the adsorption behavior, the
temperature of solution (@ x 10-3 M, 1 g of activated carbon) was controlled at 20, 30, 40
and 50°C, respectively. The formation of hydroxide precipitate or complex of ferric ion, ef-
fect of pH on adsorption was investigated by changing the pH of the soluti®r (D2 M)

from 2.0 to 3.6 with an interval of 0.3 unit while using 1 g of adsorbent &Il equi-

librium experiments were performed using 2 h of adsorption as the equilibrium state. The
solution pH was adjusted using HCI and NaOH. A shaking speed of 200 rpm was used for
both temperature and pH experiments. Adsorption experiments on the swelling effect was
conducted at pH 2 and 200 rpm while varying the temperature of the solutibxa 123 M).

The adsorbed amount of Feon activated carbon was estimated by analyzing the remain-
ing concentration in the solution after separating the activated carbon by centrifuging. The
Fe* concentration was determined by atomic absorption spectrophotometry (AAS, Perkin
Elmer, AAnalyst100) at the wavelength of 258 nm and a lamp current of 30 A after diluting
the sample to a suitable concentration range if necessary. All experiments were conducted
three times and the average results were reported here.

2.4.2. With NTA

The effect of complexing agent on the adsorption characteristics was studied using NTA
(CeHoNOg, >99% pure, Sigma Chemical Co.) as the ligand. For th& Belution with
the concentration of.2 x 103 M, the influence of pH and temperature on adsorption was
determined in the presence abk 10~ M of NTA. To examine the effect of the NTA, its
concentration was varied (Ix 10~1, 1072, 10-3 and 10* M) at pH 2, 20°C and 200 rpm.
All experiments were performed using 1 g of adsorbent and 50 ml ¥f Belution. The
results were compared with those experiments run in the absence of NTA.

3. Resultsand discussion
3.1. Kinetics of adsorption

Activated carbon adsorption is known to be usually unaffected in its treatment efficiency
by temporal qualitative and quantitative changes of pollutants contained in wastewater. Es-
pecially, granular activated carbon with a narrow size range was reported to have a high
treatment efficiency for wastewater containing a high pollutant concentfdi&nFig. 1
shows the change in the remaining concentration 8f Reith different initial concentra-
tions as a function of time. It was observed that adsorption amount increased rapidly at
the incipient stage of adsorption and reached almost equilibrium in about 30 min for the
investigated range of initial P& concentration. The adsorption amount and rate seemed
to increase as the initial adsorbate concentration was raised. This result was in agreement
with a previous report which showed that as pH remained constant, the amount of adsorbate
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Fig. 1. Change in the remaining concentration offFaccording to the adsorption time per unit weight of activated
carbon for different initial concentrations of #e(20°C, pH 2, 1 g activated carbon).

adsorbed onto the surface of adsorbent increased as the initial concentration of adsorbate
increased13]. This phenomenon can be explained by the change of the dispersion force
between F&" and the surface of activated carbon as adsorption progresses. Since carbon
is a non-polar material, the dispersion force will play an important role for interaction be-
tween the adsorbate and the activated carbon. In practice, about 95% of the entire surface
of a typical activated carbon is considered to be associated with adsorption induced by the
dispersion force and the remaining 5% with chemical adsortiéh In physical adsorp-
tion, polarization of adsorbate can work as part of a driving force for adsorption with no
electron transfef15]. In our case, F&" could induce the surface of activated carbon to be
slightly negatively charged when it approached the surface of activated carbon and attrac-
tion between two dipoles lowered potential energy and eventually brought about adsorption
[16].

Variation in the adsorbed amount of¥ebefore reaching equilibriunf{g. 1), focused
on the adsorption time range of 0—10 min, which was discussed kinetically using several
forms of kinetic equations; first-order, second-order, and parabolic diffusion. The integrated
forms of these kinetic equations are presentedds. (2)—(4) [2,17,18]respectively, and
the rate constant for adsorption can be estimated from the slope of the plot of concentration
term vs. time

Ci —Ce
1 Co — C;
alle=c]-+ ®

CoCONC=Co) _ e

“4)

whereCy is the initial concentration of adsorbate (mg), Ce the equilibrium concentration
of adsorbate (mgT'), C; the concentration of adsorbate at tirhgng I~1), t the adsorption
time (min),k the reaction rate constant (mih).
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Fig. 2. Linear plots of the first-order kinetic equation for different initial concentrations of adsorb&t€ (el
2, 1g activated carbon).

A linear plot of the first-order kinetic equation for this system is illustrateéim 2
for different initial concentrations of 0.5, 1.0, 1.5 and 2.0 mM. Reaction rate constants
obtained from the slope of each linear plot were calculated to be 0.071, 0.048, 0.059 and
0.046 mir1, respectively, for the initial F& concentrations of 0.5, 1.0, 1.5 and 2.0 mM.
The degree of goodness of linear plot between the concentration term vs. time can be judged
from the value of the coefficient of determination of the plot, which can also be regarded as
a criterion in the determination of the adequacy of kinetic equaliable 1summarizes the
estimated coefficients of determination for several kinetic model equations in different initial
adsorbate concentrations and temperature. From the coefficient of determination values in
Table 1, adsorption of F&" ion on the activated carbon was regarded as first-order rather than
second-order or parabolic diffusion and the reaction characteristics as first-order became
more prominent as temperature rose. Especially, for the parabolic diffusion model, which

Table 1
Coefficient of determination for the plots of the time dependence ¥f Bdsorption for several kinetic equations
according to the initial concentration and temperature

Kinetic equation Initial concentration  Coefficient of Temperature  Coefficient of
(x1073 M) determinationi?) (°C) determination)
First-order 0.5 0.9654 30 0.9720
1.0 0.9628 40 0.9881
15 0.9726 50 0.9774
2.0 0.9688
Second-order 0.5 0.9311 30 0.8728
1.0 0.9385 40 0.8493
15 0.9102 50 0.8830
2.0 0.9025
Parabolic diffusion 0.5 0.7400 30 0.8139
1.0 0.8521 40 0.4246
15 0.3548 50 0.1438

2.0 0.8850
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assuming that diffusion of reactants should be the rate-determining step, the linearity of the
plots was found to be not good compared with other kinetic models. Therefore, diffusion

of Fe+ from bulk solution towards the surface of activated carbon was not considered as
the rate-determining step.

In general, the adsorption reaction is known to proceed through the following three
steps: (1) transfer of adsorbate from bulk solution to adsorbent surface, which is usually
mentioned as diffusion, (2) migration of adsorbate into pores, (3) interaction of adsorbate
with available sites on the interior surface of pof&9]. From the previous discussion
regarding kinetic aspects of adsorption, it was shown that the parabolic diffusion kinetic
model did not explain the adsorption offeonto the activated carbon well. Thus, diffusion
of Fe*t is thought not to be influential on the rate-determining step so that step (1) can be
ignored. The pore property of granular activated carbon used in the experiment was found to
be approximately 1.7 nm in diameter on average. Considering the ionic radiu$oticize
0.064 nm[20], migration of Fé* into the micropores of activated carbon can be regarded
to easily occur so that step (2) is also not important in the rate-determining of adsorption.
Thus, it can be concluded that the rate-determining step for the adsorptioAofdreis
step (3).

Along with kinetic consideration, variation of the remaining concentration Sf Fe
equilibrium state was examined by changing the initial concentrations’of Ranile keep-
ing the ratio between initial concentration of adsorbate and amount of adsorbent constant.
As seen irFig. 3 the equilibrium adsorption of B& per unit weight of activated carbon in-
creased as the initial concentration oPE@nd the amount of activated carbon were raised.
This phenomenon can be explained in the same way as the kinetics discussion, i.e., since the
volume of solution used for each adsorption experiment was the same, the average distance
between adsorbate and adsorbent would be reducedPasBrcentration was increased.
Consequently, the dispersive force betweefitFen and surface of activated carbon was
more stronger so that more adsorption would take place. At the same time, the increased
diffusivity of adsorbate at its higher concentration was also thought to partly contribute to
the enhanced adsorption. This observation was considered to be meaningful for the design
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Fig. 3. Variation in the equilibrium concentration ofeaccording to the initial concentration of adsorbate and
the amount of activated carbon maintaining the ratio of two variables as 0.5ThM g
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Fig. 4. Freundlich isotherm for the adsorption ofe

of an optimal operating condition specifically regarding the amount of adsorbent necessary
for the efficient treatment of wastewater with changing pollutant concentration.

We attempted to fit the equilibrium data to an adsorption isotherm and found that the
equilibrium adsorption of F& on the activated carbon followed the Freundlich isotherm
well. The Freundlich model can be expressed as the following equyatidn

ge = KC3'" (5)

wherege is the amount of equilibrium adsorption (mg', Ce the equilibrium concentration
of adsorbate (mgit), K and 1h are the Freundlich constants related to adsorption capacity
and adsorption intensity.

By taking the logarithm for both sides &q. (5) linear form of the Freundlich model
can be obtained

1
INge=INnK + (—) InCe (6)
n

The plot of Inge vs. InCe is given inFig. 4. It showed good linearity with arf of 0.9468.
The values foK and 1h can be obtained from the interceptyaxis and slope of the linear
line. They were estimated to be 0.108 and 2.36, respectively.

3.2. Effect of temperature and pH

The influence of temperature on¥eadsorption onto activated carbon was examined
and it was observed that although the difference was not great, the adsorption rate and
equilibrium adsorption increased slightly as the temperature was incrédéaged)(The in-
crease in equilibrium adsorption as the temperature was higher was in accord with previous
reports that adsorbed amount of cations at equilibrium was usually observed to be propor-
tional to temperaturf2—24] The kinetics investigation noted previously revealed that the
adsorption of F&" was first-order even when the temperature was chargdale( J). The
linear plot of the first-order kinetic equation at different temperatures is showigirt
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Fig. 5. Change in the remaining concentration offFaccording to the adsorption time per unit weight of activated
carbon at different temperatures@ 10-3 M initial concentration, pH 2).

and the rate constants obtained from the slopes of estimated lines were 0.110, 0.175 and
0.201 min%, respectively, at temperatures of 30, 40 andG0

It was possible to calculate the activation energy for adsorption based on the result in
Fig. 6 employing Arrhenius equation for the rate constanfg5s]

Ea
=A -2 7
k exp( RT) (7)
whereA is the frequency factor (mirt), E the activation energy (kJ mot), R the ideal
gas constant (kJ mot K—1), T the absolute temperature (K).
Eq. (7)can be converted intBq. (8)by taking logarithm
Ea

InNk=InA - —= 8
RT ®)

Thus,E; could be obtained from the slope of the line plottindsrs. 1/T and the estimated
E, for Fe* adsorption on activated carbon was 2.23 kJThoConsidering that this value

0.5
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Fig. 6. Linear plots of the first-order kinetic equation foPFadsorption at different temperatures.
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is in the typical activation energy range for physical adsorption, one can concludethat Fe
adsorbs on activated carbon mainly physically. This conclusion was also inferred from the
dispersive interaction between¥eand surface of activated carbon.

One of the most important factors in aquatic systems is pH. In this study, it was expected
that surface condition of adsorbent and molecular form of adsorbate were affected by pH.
Therefore, the overall adsorption reaction could be governed by this paraifFigter.
shows the change in the remaining concentration &f B equilibrium state with pH and
the equilibrium adsorption increased gradually as pH was raised.

This variation in the adsorbability of ferric ion with pH can be explained by the interaction
between hydroxide ion and adsorbent. In general, the stability of the hydroxide ion in
solution inits hydrated state is normally lower compared with the p@®j This condition
results because its ionic radius is larger than that of proton and, therefore, more water
molecules are required to surround this ion for hydration. Accordingly, the adsorbability of
hydroxide ion on the substrate will be greater than that of proton. When the pH increases,
more OH™ will adsorb, making the surface charge of the substrate more negative. As aresult,
it is expected that the electrostatic attraction between a cationic adsorbate and the substrate
becomes stronger and consequently more adsorption will occur. Although not shown here,
variation of the electrokinetic potential of fine activated carbon particles prepared from the
same granular activated carbon used in the experiment has been examined according to
the pH. It was observed that the electrokinetic potential of activated carbon became more
negative as the pH increased. This finding verifies the increase inaaorption with pH
from the viewpoint of electrokinetics and explains the increased adsorption of ferric ion.

3.3. Influence of complexing agent

Chemical compounds that form complexes with metal ions usually play an important
role in determining the state and mobility of metal ions in aquatic systems. By the same
token, it is anticipated that the adsorption features of metal ions will be affected by these
compounds when they coexist in solution. In this study, the influence of complexing agent
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on the adsorbability of Fe- was investigated taking NTA as the ligarilg. 8 represents

the variations in the equilibrium concentration ofEenith pH where NTA was put into

the solution simultaneously with B ions from the beginning. NTA was added to the
solution later when the adsorption of¥ehad reached equilibrium. When this result is
compared with experiments conducted with no NTA in solutiBig(7), it can be seen

that for the case of no NTA, B& adsorbed more as the pH was increased. However, when
NTA coexisted with F&" the equilibrium adsorption of Pé decreased with pH regardless
complexing agent was introduced into the solution simultaneously with adsorbate or after
equilibrated adsorption was attained. This difference in the adsorption behaviot‘of Fe
could be explained by the fact that molecular form of NTA is a function of the pH condition.

It is possible to anticipate the predominant form of a certain ionic species depending on
the pH in aqueous solution by constructing the pC—pH diagram. The molecular structure of
NTA is (CH,COOHXN, therefore, it is a triprotonic acid, which dissociates thrgeidhs.

The stepwise proton dissociation reactions in solution are as follows:

HaT < HoT~ +HT 9)
HoT~ « HTZ + Ht (10)
HT? < T3 4+ H* (11)

where T denotes (CHCOOXN. The total concentration of NTA is expressed as sum of the
concentrations of four ionic species

Crotal = [HaT] + [HoT ]+ [HTZ ] +[T3] (12)

The equilibrium constants for the three reactions (9)—(11) aré4® 10295 and 101028,
respectively{27]. By combiningEgs. (9)—(12)the concentration of each ionic species of
NTA can be expressed as a function @fis and [HT]. Considering the experimental
concentration of NTA, D x 10~ M, the pC—pH diagram for each ionic species for NTA
can be constructedr{g. 9).
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Fig. 9. The pC—pH diagram for.a x 10~1 M NTA solution.

From the pC—pH diagram shown ig. 9, it was noted that the predominant ionic form
of NTA changed in the order of 4T, HoT—, HT?~ and T~ as the pH increased. In general,
the extent of complexation between complexing agent and metal cation is enhanced as the
negative charge valence of complexing agent increg@8js Therefore, the F& ion was
expected to be combined with NTA and form a complex more strongly as the solution
pH became higher. Strong complexation means higher stability of complexes in aqueous
environment, which implies less adsorption of metal ions onto the surface of possible
substrates.

Fig. 8also shows that the adsorbability offevas affected by the manner in which NTA
was added to the solution. Namely3feshowed a decreased adsorbability when it coexisted
with NTA from the start compared with the case when NTA was added after equilibrium
adsorption of F&" on activated carbon occurred. The reason for this phenomenon was that
the difference in the extent of complexibility of NTA with free¥Feion and adsorbed Bé
on the substrate, i.e., NTA made a complex more easily wifti Réhich exists as a free
ion in solution than the one in the adsorbed state. In a practical situation, if some type of
complexing agent was introduced into the adsorption process, it would influence the process
efficacy via these two mechanisms.

Fig. 10presents the effect of concentration of NTA on the adsorbability 8f e pH
2. The amount of F& adsorbed decreased as the coexisting amount of NTA from the
beginning was raised. This result was understandable in the sense that as the concentration
of NTA increased more complexes with¥ewere expected to form and, consequently,
less adsorption of P& occurred.

3.4. Swelling effect

The swelling technique is regarded as a useful method of increasing the surface area of
certain solid materials. Swelling equilibrium partly reflects the elastic deformation of the
solid surface. This phenomenon is usually induced by an expansion of network structure
[28]. Fig. 11 shows the effect of swelling time on the swelling ratio and specific surface
area of activated carbon using acetic acid as the swelling solvent. The swelling ratio was
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Fig. 10. Change in the equilibrium concentration of Faccording to the concentration of NTA.(2x 103 M
initial concentration, 20C, pH 2, 1 g activated carbon).

defined as the weight ratio of same sample before and after swelling. As the swelling time
increased, the swelling ratio of activated carbon was increased gradually and reached an
equilibrium value in approximately 48 h. The specific surface area of the activated carbon
also increased with swelling time and became constant after 48 h. Therefore, the changing
tendency of the swelling ratio and specific surface area according to the swelling time were
very similar to each other. That is, while the amount of acetic acid vapor permeating into the
activated carbon increased, the specific surface area of activated carbon also increased. The
increase in the specific surface area of activated carbon was due to the fact that during the
swelling process a number of fine cracks and micropores were generated on the solid surface
by the vaporized solvent, resulting in an increase of the surface[2@garhe observed
swelling ratio for activated carbon was much smaller compared than for other solids such
as lime, coal, lignite, etc., which were swollen by the same so[@81] This result was
probably due to the original material nature of activated carbon, i.e., when the raw material
for activated carbon was activated using proper conditions, its surface area almost reached
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Fig. 11. Variation in the swelling ratio and specific surface area of activated carbon according to the swelling time.
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Fig. 12. Variation in the remaining concentration offEeccording to the adsorption time per unit weight of
swelled activated carbon (@2x 10~3 M initial concentration, 20C, pH 2, 1 g activated carbon).

its maximum. Therefore, any additional increase in the surface area by swelling would not
be significant.

Fig. 12illustrates the variation of the remaining concentration ofFeith adsorption
time when activated carbons swelled for different periods were used as the adsorbent. The
experimental condition for adsorption was same as th&ign 1 with 2.0 x 10~3M of
initial adsorbate concentration. The adsorption rate and equilibrium adsorption increased
compared to the case for non-swelled activated carbon. In addition, as the swelling time
increased, more adsorption occurred. Comparison of this resulfgth 1 revealed that
the extent of increase in the equilibrium adsorption ofFeas not as much as that in the
specific surface area, i.e., although the adsorbed amountbfifereased as the specific
surface area of activated carbon became larger as a result of swelling, the extent of the
increase for the two parameters were not the same. The reason for this phenomenon was
not clear. However, it was thought that the adsorbed amount of adsorbate was determined
not only by the surface area of the adsorbent but also by other surface characteristics of the
adsorbent and in the course of swelling such surface characteristics of the activated carbon
might also be altered along with the change in the specific surface area.

3.5. Thermodynamic aspects of adsorption

To understand the kinetic aspects of the adsorption mechanisritoiéreetic parameters
have been calculated using time course results for different conditions. It was possible to
estimate the thermodynamic parameters such@s, AH° and AS’ for the adsorption
reaction by considering the equilibrium constants under the several experimental conditions.

Equilibrium constant for the adsorption reaction ofFen activated carbork, was
defined as follows:

k=M _Co—Ce_Co_, (13)
Ce Ce Ce

whereMyq is the adsorbed amount of adsorbate at equilibri@gthe initial concentration
of adsorbate (mgt), Ce the equilibrium concentration of adsorbate (mg)l
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When the ionic strength effect was considered, the last expressteq. ifl3)changed
into yCo/y'Ce— 1, wherey andy’ represented the activity coefficients offéon when the
conditions of F&t concentration in solution wei@ andCe, respectively. Considering the
equilibrium results irFig. 5and neglecting the adsorption of $O ion, the ionic strengths
ofthe experimental solution at the initial and equilibrium stage of adsorption were calculated
to be 0.030 and about 0.015. Since the differences bet@geat each temperaturekig. 5
were not great, the value of 0.015 for ionic strength was an average that was calculated. It
assured that no significant error was included. The valueg &rdy’ of Fe*t ion for the
corresponding ionic strengths were obtained using the extended DeBye—Hyiickel equation
[32]. They were estimated to be 0.3 and 0.4, respectively. As a result, the equilibrium
constant could be obtained from the estimated activity coefficients and equilibrium data.
All of the equilibrium constants employed in thermodynamic calculations in the present
study were obtained by following the same procedure.

The change in the Gibbs free energy for a reaction is expressed as

AG = AG° 4+ RTInQ (14)

here,AG® andQ are the standard Gibbs free energy change and reaction quotient, respec-
tively. When the reaction reaches equilibrium st&& becomes zero so thatGe is equal

to —RTIn K, whereK denotes the equilibrium constant. Therefax&° for an adsorption
reaction will be estimated K for adsorption is known, which can be calculated from the ex-
perimental results usingq. (13) Moreover, using the relationship,G® = AH® — TAS®,

InK can be expressed lqg. (15) Thus, if the equilibrium constants for an adsorption re-
action at different temperatures are known, the standard enthalpic and entropic changes for
adsorption can be also estimated from the slope and intercept of a linear plét e Ii/T

nk=—(—=)am +(2)as (15)
(7)o + (3)

Fig. 13shows the plots of IK vs. 17T in different conditions and it can be seen that the
linearity of the plots is good.

3.0

20 F \
(r2=0.9861)

:\\*\4_\ (r2=0.9998)

(r2=0.9858)
.'\.\'\" (r2=0.9135)
0.0

30 3.1 32 33 34 35 36
1/T (x10 3)

In K

1.0

Fig. 13. Linear plots of It vs. UT: (A) 48 h-swelling, &) 24 h-swelling, ) no NTA, (@) 1.0 x 101 M NTA.
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Table 2

Thermodynamic parameters of the adsorption reaction Bf Bato activated carbon at pH 2

Temperature  No NTA 1.0 x 1001 M NTA

¢C) AG® AH° AS AG° AH° AS
(Imol 1) (Imor?) (@K Imoll)  (Imol?) (Imol 1) (@K 1mol 1

20 —7790 5.63 26.61 —6840 5.95 23.35

30 —8060 5.63 26.61 —7050 5.95 23.35

40 —8320 5.63 26.61 —7300 5.95 23.35

50 —8590 5.63 26.61 —7540 5.95 23.35
24 h-swelling 48 h-swelling

20 —12550 9.90 42.88 —22130 18.00 75.60

30 —12980 9.90 42.88 —22890 18.00 75.60

40 —13410 9.90 42.88 —23650 18.00 75.60

50 —13840 9.90 42.88 —24400 18.00 75.60

Table Zrepresents the estimated thermodynamic parameters¥oeigorption in several
conditions based on the thermodynamic calculations and resufigirl3 It was noted
that for all of the considered experimental conditiax&° became more negative as the
temperature rose amiiH® had a positive value, which implied that the adsorption reaction
of Fe+ was endothermic. Therefore, the experimental results that observed the increase in
adsorbability of F&" with temperature were substantiated thermodynamicaly? was
also estimated to be more negative at the same temperature as the swelling time increased.
This condition meant that Bé adsorbed more favorably on the activated carbon when
swelled for a longer period. In comparison with the cases with and without MI&,
showed a less negative value when NTA coexisted wiftt e solution, therefore, it was
understood that the presence of NTA suppressed the adsorptior? bfaBea result of
forming a stable complex with the ferric ion. The positi&®’s for adsorption could be
explained by the release of the attached water molecules fréhideinto solution as F&
adsorbed on substrate and contributed to the increase in the degree of freedom of the entire
system.

4. Conclusions

Studies on the investigation of adsorption features of Fen on granular activated
carbon have been carried out and the influence of NTA as a complexing agent on the
adsorption reaction was examined. The following conclusions have been drawn:

1. An increase in the initial concentration of¥eresulted in the rise of adsorption rate
and equilibrium adsorption, which was considered to be due to the increased dispersive
force between F& ion and the surface of the activated carbon. Kinetics investigation
showed that the adsorption reaction ofFevas first-order and the equilibrium adsorp-
tion per unit weight of activated carbon increased as the initial concentratior?6f Fe
and the amount of adsorbent was enhanced while maintaining the ratio between the two
parameters as 0.5 mMd.
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N

. Equilibrium characteristics of an adsorption followed the Freundlich model well. The
adsorbability of ferric ion increased with temperature and the estimated activation energy
for adsorption substantiated the aspect of physisorption.

3. Equilibrium adsorption was observed to increase as the pH rose. However, when NTA
coexisted with F&" in solution it decreased with pH. This result could be explained by
the variation in the complexibility of NTA with F& ion according to the pH.

4. The adsorbability of F& became lower in proportion to the concentration of NTA. This
adsorption was also influenced by the point of time of NTA addition.

5. The specific surface area of activated carbon was increased by swelling, resulting an
increase in equilibrium adsorption. The swelling ratio was in proportion to the swelling
time and the maximum increase in specific surface area and swelling ratio was achieved
in 48 h.

6. It was possible to estimate te5°, AH® andAS’ for the adsorption reaction based on

thermodynamic equations and these parameters substantiated the experimental results

thermodynamically including the endothermic feature of adsorption.
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