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Abstract-Adsorption amounts of solvent vapors such as n-hexane, toluene, and MEK on two commercial activated 
carboils (SLG-2PS and X-7000) were measured experimentally using a quartz spiing balance connected with a high 
vacuttm system, sm~e-species equilibrimn data show typical type II isotheirns, which are most frequently encountered 
in separation processes. Equilibrimn data obtained at relative vapor pressures less than 0.3 were fitted to four well- 
known isotherms such as Langmuir, Freundlich, Sips, and Dubmin-Astakov (D-A) equations. All isotherm equations 
were found to describe experimental equilibrimn data satisfactorily. Only the Langmuir equation was not proper to 
fit the equilibrium data of solvent vapors on SLG-2PS. In order to evaluate the adsorption energy distribution of the 
solvent vapors on activated carbons, a simple model based on the condensation approximation (CA) approach was 
applied. According to the result, it was proven that two carbons have energetically heterogeneous surfaces. 

Key words: Recovery of Solvent Vapors, Activated Carbons, Isothe~rnal Adsorption, Adsorption Equilibrium, Surface Het- 
erogeneity 

INTRODUCTION 

Solvents have been used as dissolving and cleaning agents in 
many industrial processes such as printing, film coating, and man- 
ufactt~ing of magnetic tapes and eleclronic chips. The emission of 
solvent vapors from these in&asNal processes caused not only se- 
vere air pollution but also a great loss of valuable chemicals. There- 
fore, the proper recovery of volatile solvent vapors from inSastrial 
effluents has multiple purposes such as rednction of production cosL 
energy saving, and environmental protection [Mukhopadhyay et 
al., 1993; Ytm et al., 1997]. There are three major methods to re- 
cover volatile soNents: condensation, absorption, and adsorption 
[Ruddy et al., 1993]. Mixed solvei~t vapors can be condensed by 
lowering teanperature below their boiling points. However, this meth- 
od has a &awback which requires relatively higher concentration 
to improve its recovery efficiency. On the other hand, the absorp- 
tion method, which employs an absorbing liquid, has been known 
as an efficient recovery process even at low concentration levels, 
but it requires an additional unit to separate the solvent from the 
absorption mixture, resulting in high operation cost Nevertheless, 
the adsorption method would be an efficient and economic tech- 
nique for recovering solvent vapors from their inixtures which con- 
tam 1,000-3,000 ppm of volaile solvents, once a proper adsorbent 
is found [Manes, 1984]. In Korea, more that 1,000 tons of various 
solvents are used in a year in many industrial processes such as poly- 
ethylene coating and dewing agents. The emissions from some in- 
duslries contain BTX (benzene, toluene, and xylene), MEK (methyl 
ethyl ketone), and chlorinated hydrocarbons [Chihara et al., 2000] 
etc. which should be recovered to reduce production cost and air 
contaminatiort Therefore, the solvent recovery stands for a ~176 
birds with one stone" technique. In this work, three major solvents, 
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n-hexane, toluene, and MEK, which are mainly used in many in- 
dustries, were chosen and two pelletized activated carbons were 
used as adsorbents for solvent recovery. Since the solvent recovery 
process requires adsorbents with good hardness, pelletized carbons 
are better than granular types. Adsorption amount of each solvent 
vapor was measured accurately by a qtmxtz spring balance which 
is connected with a high vacutrn system. Single-species adsorp- 
tion data were fitted to well-known isotherms such as Langmuir, 
Freundlich, Sips, and D-A equations. The adsorption energy dis~- 
bution was also calculated by using a simple method based on the 
condensation approximation approach to obtain the surface charac- 
ter of activated carbons. Such results can be applied in simulating 
the column dynamics in future studies. 

EXPERIEMNTAL 

Adsorbents used m this study are pelletized activated carbons, 
X-7000 manufactured by Dakeda (Japan) and SLG-2PS by a do- 
mestic (Korean) company. The arittmletic average particle diame- 
ter was determined by sieving a nurnber of particles with a set of 
standard sieve trays. Various densities of carbons were measured 
by weighing the sample and by displacing the void fraction with 
carbon tetra-chloride in a picnometer. Other prope~es such as pore 
size distribution, pore volume, and specific surface area were meas- 
ured by N 2 adsorption in a BET system. Prior to use, the carbon par- 
ticles were leached with boiling water for 48 h to remove impuri- 
ties from internal pores of the particles. The particles were then &ied 
in an oven maintained at 378.15 K. 

Solvents are n-hexane (Duksar~ OR, 97%), toluene (Duksan, OR, 
99%), and MEK (Osaka, OR, 99%) which have been used in many 
industries. All chemicals were used as received without any further 
trealment. Their physical properties are listed in Table 1. The vapor 
of each solvent was generated in a small chamber that was main- 
tained at a constant tempera~re. The adsorption amount of each 
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M.W. Critical pressure Saturated vapor pressure Critical temperature Boiling temperature 
Adsorbate 

mol/g a~n at 308.15 K arm K K 

n-Hexane 86.18 30.1 0.3019 507.5 341.9 

M.E.K 72.17 42.1 0.1876 536.8 352.7 

Toluene 92.14 41.0 0.0614 591.8 384.8 

solvent vapor was measured by a quartz spl~ag balance, which was 
placed in a closed glass system. A given amount of carbon parti- 
cles were placed on the dish that was attached to the end of quartz 
spiq_ng and the system was vacuumed for 4 h at 10 -s mmHg and 
573.15 K to remove volatile impurities fi'om the carbon particles. 

The system pressure was measured by a pressure sensol; and the 
variation of weight was converted by a digital voltrnetei; which is 
connected with the slmng sensor Equilibrium expel~nents were 

carried out at three dilt~ent teml:el~atures, 298.15, 30~.15, and 318.15 
K. Desorption experiments were also carried out according to a re- 
versed way of  adsorptioix 

RESULTS A N D  D I S C U S S I O N  

1. Adsorbent Characterization 

In designing an adsorption colunm, tile dlaractelization of adsor- 

be i~  should be done pric, to experiments. In particular; one should 
know not only the specific surface area but also the pore size dis- 
t~Jbution of tile adsorbent in order to confmn that it would be pro- 

Table 2. Physical properties of activated carbons, SLG-2PS and 
X-7000 

Property SLG-2PS X -7000 Unit  

Particle size 1.67 1.3-1.6 mm 

Particle density 800 920 g/ml 

Packing density 322 436 g/ml 

SurFace area 1220 900 m2/g 

Mean pore diameter 25.8 18.1 A 
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Fig. 1. Adsorption equilibrium curves of n-hexane on SLG-2PS. 

per for a given purpose. The strface area and pore volume of car- 
bons measured by the BET analysis are listed in Table 2. The sur- 
face area of X-7000 was determined to be 900 m~/g, which is much 

smaller than that of  SLG-2PS, 1,221 m2/g. The average pore diam- 
eter of  X-7000 is 1.81 san, while that of  SLG-2PS is 2.58 nm. 
2. Adsorption Equil ibrium 

As mentioned previously, the adsorption amount, s of three sol- 
v~lt wpors on two different pelletized activated carbons were meas- 

ured by a quartz splJng balance at three tempecatures. Figs. 1-6 show 
experimental data in terms of temperature and concentration. They 
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Fig. 2. Adsorption equilibrium curves of M E N  on SLG-2PS. 
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Fig. 3. Adsorption equilibrium curves of toluene on SLG-2PS. 
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Fig. 4. Adsorpt ion  equi l ibrium curves of n-hexane  on X-7000.  
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Fig. 6. Adsorpt ion  equil ibrium curves of toluene on X-7000.  

are typical type 11 isotherms, whcta are frequently encountered in 
many separation processes, according to the BDDT classification 
[Yang, 1987]. The amount adsorbed decreases with tonpo-amre, 
as expected, since adsorption is an exothe~nic ix-mess. Fig. 1 shows 
the adsorption mnounts of n-hexane on SLG-2PS at three tempera- 
tures, while Fig. 4 shows those of n-hexane on X-7003. According 
to experimei~al results, the adsorption capacity of SLG-2PS is lar- 
ger than that of X-7000. For other solvent vapors, similar results 
were obtdmed. This implies that SLG-2PS has a larger adsorption 
capacity for the three solvent vapors encountered here than X-7030 
since it has a higher specific surface area. However, one cannot con- 
dude that one with larger adsorption capacity ks better than the other 
since the peffomaance of adsorbents should be assessed by theft- 
working or reversible capacities, particularly in the solvent recov- 
ery process, which employs a cyclic operation, for example, adsorp- 
tion, desorption, and wastmag [Takeuchi and Shigeta, 1991]. The 
adsorption amotult on SLG-2PS ks in the order of toluene, MEK, 
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Fig. 5. Adsorpt ion  equil ibrium curves of  M E K  on X-7000.  
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Fig. 7. Experimental  and F l , u n d l i c h  isotherms of  three soh,ent 
vapors  on SLG-2PS  at 308.15 K. 

and n-hexane, while the amounts of MEK and toklene on X-7003 
are similar and they are larger than that of n-hexane. Such a result 
could be explained by the mutual interaction between adsorbent 
and adsc~-bate such as adsorption energy distfibltion. Figs. 7 and 8 
show expermlental equilibrium data of three solvent vapors on two 
activated carbons at 308.15K and corresponding amout~ fitted 
with the Freundlich isothema. Only the part of equilibrium &ta meas- 
ured at relative vapor presstres less than 0.3 were used in deter- 
mining their isotherms since simple equations cannot fit all experi- 
mental data of the type 1I system well. This will not create any trou- 
ble m applying thera to real adsorption systems because the con- 
cenlrations of solvent vapors are relatively low in real situations. 
Here, single-species equilihium data were fitted to four common 
isotherms, namely Langmuir, Freundlich, Sips, and D-A equations. 

Q~bc 
Langrnuir equation: Q - 1 +bc (1) 

Ju~ ,  2001 
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Fig. 8. Experimental  and Freundlich isotherms of three solvent 
vapors  on X-7000 at 308.15 I~L 

FreuaMlich equation: Q = Kc ~'' (2) 

Sips equatiolr Q - Q"bcV" (3) 
1 +bc ~/~ 

W=W0e.p[ (a)' 1 
Here, Q,, is the monolayer adsorption amount and A is defined 

a s  

Other parametei~, b, K, n, W0, E, and I; are empirical isothenn 
parameters which can be obtained fi-om experimental equilibrium 
data by minimizing the object function. The object function, E(%), 
represents the average percent deviation between experimei~tal mad 

fitted (oi" calculated) results as follows: 

1 krl%-Q.o,l  
E(%) =N~=,L Q~,p Jk (6) 

All isotherm parameters and E(%) are listed in Table 3. Accor& 
ing to the results, the Sips, D-A, and Freundlich equations repre- 
sent the experimental data fairly well, while the Langmuir equation 
somewhat shows deviations in the case of SLG-2PS. This fact im- 
plies that activated carbolls used here are energetically heteroge- 
neous unlike polymeric adsorbents, which show homogeneous sur- 
face characteristics [Lee et al., 1997]. 

In solvent recovery ix'messes, the desoiption step would be very 
important as well as the adsorption step since it requu'es a great deal 
of enelgy. In general, stemn has been used in regenemlmg spent 
activated carlmm, which were loaded with organic solvents because 
most activated carbons are hydrophobic. Howevm; the reuse of re- 
covered solve,its requires one more step to sepaate solvents from 
mNmres with water. Therefore, the regeneration technique using 
inert gases, nalnely nitrogen, has been considered as an eltident 
and econcxnic process for this purpose, instead of the steam rege~> 
eration [Yun et al., 2000]. Figs. 9 and 10 show adsorption and de- 
SOlption loops of n-hexane on SLG-2PS and X-7000, respectively. 
The desorption data appear slightly higher fllma the adsorption data 
at the same vapor concentration. This phenomenon, which is called 
"hysteresis:' resulted from differences in adsorption and desorp- 
tion eates. According to the classification by de Boer, they are the 
second-type hysteresis. This result implies that activated carbons 
used here have inkbottle type pores or slit pores [de Boer, 1958]. 
On the other hand, one may see ttkat most adsorption amount is re- 
versible from adsorption and desoiption curves of n-hexane on two 
activated carbons as shown in Figs. 9 and 10, considering that the 
desorption was performed by re&icing only the vapor pressure in 
the system. This implies that physical adsorption prevails and work- 
ing calmcities are similm- to actual adsorption equilibt&rn amo~lts. 
However, the removal efficiency of an activated carbon for a sol- 
vent vapor should be related to its kinetic characteristics such as 
fihn and intmparticle mass lransfe, cocfficients. Therefore, kinetic 

Table 3. Adsorpt ion  equi l ibrium isotherms of  solvents at  308.15 K 

SLG-2PS 

Equations Parameters n-Hexmae M.E. K Toluene 

X-7000 

Parameters n-Hexane M.E.K Toluene 

L angmuir Qy,, 3.15 4.56 5.02 

b 45.9 32.6 57.4 
E(%) 7.30 18.3 7.8 

Fremadlich k 3.17 4.62 5.51 

n 7.72 4.02 5.92 

E(%) 1.06 2.06 0.90 

Sips Q,, 3.89 24.0 24.5 

b 5.51 0.243 0.288 

n 1.67 3.60 4.90 

E(%) 2.96 1.87 0.77 
D-A r 1.31 1.70 1.57 

Wo 0.530E-3 0.588E-3 0.588E-3 

(l/E)'  2.399E-5 0.114E-6 0.258E-5 
E(%) 0.88 1.22 1.07 

Q,,, 2.47 3.49 2.97 

b 47.8 23.0 118. 

E(%) 3.07 1.9 3.2 

k 2.39 3.24 3.20 

n 15.2 8.41 11.0 

E(%) 1.25 4.02 1.12 

Q~ 2.57 3.63 3.40 

b 22.8 11.9 26.6 

n 1.06 1.33 1.04 

E(%) 3.79 2.17 6.84 

r 2.08 2.72 1.56 

Wo 0.336E-3 0.343E-3 0.335E-3 

(l/E) r 0.664E-4 0.375E-6 0.136E-5 

E(%) 1.13 3.07 0.85 

Kol~an J. Chem. Eng~(Vol. 18, No. 4) 



522 D.J. Kim et al. 

6.0 

4.5 

-~ 3,0 
c~ 

1.5 

0.0 
0,0 

+ Adsorption 
- -0-- Desorption 

2.0 4,0 6.0 8.0 
c, mol/na "~ 

Fig. 9. Adsorption and desorplion curves of n-hexane on SLG-2PS 
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Fig. 10. Adsorption and desorplion cm'ves of n-hexane on X-7000 
at 308.15 K. 

experime:~ are required to get sufficient intbrmation for simuIat, 
ing and designing an adsorption column properly. 
3. Adsorpt ion  En e rgy  Distr ibut ion 

In genes-a1, many researchers have assumed that the surfaces of 
adsorbe,~ are eneagetically homogeneous in analy~ag their adsorp- 
tion data as a matter of convmience. However; this assumpticn can- 
notbe tree for real adsorbents. Since Langmuir [1918] himself sug- 
gested the surface heterogeneity, many studies have been done m 

order to obtain the adsorption energy dkstdbution [Moon and Tien, 
1 988]. To get information on surface (namely energetical) hetero- 
geneity of an adsorbent, one might use a distribution fi, mction and 
a local isotherm as well as adsorption equilibritrn data. If  the ad- 
sorption energy (e) is distributed in the range of [0--~], the overall 
adsorption isothem: ca:: be obtained fi-om [Ru~:dd and Everett, 
1994 ] 

Table 4. Energy distribution paranleters of solvents on SLG-2PS 
and X-7000 

Adsorbent Adsorbate r E(kJ/mol) 

SLG-2PS 

X-7000 

n-Hexane 1.31 20.0 
M.E.K 1.70 11.8 

Toluene 1.57 9.39 

n-Hexane 2.08 25.1 

M.E.K 2.72 17.8 

Toluene 1.56 29.6 

Or(T,P)=~O,(T,P,e)Z(e)de (7) 

where 0~(T, P, g) is the local isotherm with an adsorption energy, g, 
and X(e) is the adsorption energy disbibutic~x When the local iso- 
then:: is represented by the D-A equation, the adsorption energy 
distribution can be obtained as a Gaussian type based on the con- 
densation approximation approach [Rudzinski and Everel~, 1994]. 
All parameters for the adsorption energy distributions are listed in 
Table 4. 

I'(8 80) '-1 
%(s) exp| - |= -7-= | |  (8) 

E' L kP~ Jf l  

Here E mad r are the characteristic energy and exponent of the D-A 
equation. If the exponent is unity, the D-A equation stands for the 
Freundlich equation while r 2 means the Dubitml-Radushkevich 
(D-R) equation [Jaroniec and Madey, 1988]. In general, activated 
carbons with various pores have the value of r between 1 and 2. 
However some microporous carbons and zeolites have very large 
values of r, about 5 or 6. \ghen the D-A equation is applied, the ex- 
ponent represents the interaction between adsorbates and surface 
or the effect of pore structures on adsorption. As r increases, the 
adsorption energy distribution becomes uniform, which means en- 
ergetically more homogeneous surfaces for a given adsorbate. Ac- 
cording to the results in Table 4, X-7000 is likely to be energetically 
more homogeneous than SLG-2PS. Also one can see ttmt SLG- 
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Fig. 14. Isosterie heat of  adsorption for solvents on X-7000. 

2PS has smaller adsorption energies but more skewed energy dis- 
tributions than X-7000 for fllree solvents as shown in Figs. 11 and 
12. This result may be related to their lore size disb-ibutions. It should 
be noted that even the Langmtm- equation can fit equiiibfium data 
of all solvent vapors on X-7000 reasonably well as shown in Table 3. 
4. H e a t  of  Adsorpt ion  

When an adsorbent adsorbs one or more adsorbates, adsorption 
heat is usually genePated since all adsorption processes are exother- 
mic. Eveimally, the heat evolved affects the adsorption perfommnce 
considerably. If  the adsorption system was very ideal followhlg the 
Langmuh isotheml, the heat of adsorption would be independent 
of the amount adsorbed. However; it would not be tree for most 
adsc~ption processes because adsorbents have energetic@ hetero- 
geneous surfaces as mentioned m the previous section. The iso- 
steric heat of adsorption may be evaluated simply by applying the 
Clausius-Clapeyron equa~on if one has a good set of adsorption 

equiiibiium data obtained at several temperatures [Ruthven, 1984]. 

Oln p %@ 
RT 2 aT e (9) 

The isosteric heats of adsorption for three solvent vapors on X- 
7000 and SLG-2PS are shown in Figs. 13 and 14. Regardless of 
adsorbates, the heat of adsorption decreases ah-nost exponentially 
with the adsorption amount since the Freundlidl equation was used 
as the single-species isotherm. Tt~ result is quite natural since the 
adsorption occurs primarily on sites with t~gher enelgy In Fig. 13, 
the magnitude of %, is the order of toluene<n-hexane<lVlEK at lower 
conoei~a-ations but it becomes n-hexane<toluene<lVlEK at higher 
concei~ations. The isosteric heats of adsc~ption on X-7000 are also 
shown in Fig. 14. Such reversal of % in tenns of the amount ad- 
sorbed as shown in Fig. 13 mlI affect the adsorption dynamics of 
m Lxt~a-e adsorption. 
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Fig. 13. Isosteric heat of adsorption for solvents on SLG-2PS.  

The adsoiption of three major solvent vapors such as n-hexane, 
toluene, and MEK, on two pelletized commercial activated car- 
bons was measured by using a qt~rtz spring balance equipped in a 
high vacuum system in order to assess those carbons for recover- 
ing solvent vapors ~om induslriaI effluents. Single-species adsorp- 
tion data show typical type 1I isotherms. Equilibrium data meast~-ed 
at low relative pressures were fitted to four well-known isotherms. 
AII expefimerlal data were reasonably fitted with Fretmdlicl~ Sips, 
and D-A equatioils well. However; the Langm~- equation does not 
give good resuits for SLG-2PS since the activated carbon has en- 
ergetically more heterogeneous strfaces. According to adsorption- 
desorption expei-hnents, the activated carbons show the second-type 
hysteresis, implying that they have inkbottle or slit type pores. 

The adsorption energy dis~ibution of each solvent vapor on the 
carbons was evaluated from the D-A equation based on the con- 
densation approximation approach. The exponent of the D-A equa- 
tion varied from 1.31 to 2.72, showing the typical character of ac- 

Korean J. Chem. Eng.(Vol. 18, No. 4) 
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livated carbon with various pores. However, the exponent values 
on X-7000 are linger than those on SL@-2PS. From this result, one 
may conclude that X-7(X)0 is more homogeneous than SLG-2PS. 
Considering that the solvent recovery employs a cyclic adsorplion- 
desoiption operation, X-7000 with homogeneous adsolt~tion energy 
seems to be more plausible than SLG-2PS even if the adsorption 
capacity is somewhat low. Tn future studies, the working capacity 
should be measured in a packed-bed adsorber to confirm this con- 
clusiorL Furthermore, the isosteric heat of adsorptaon was also eval- 
uated from the Freundlich equation using the Clausius-Clapyron 
equation. Therefore, the heat of adsorption exponentially decreases 
with the m-nount adsorbed, regardless of adsorbates and carbons. It 
should be noted that the isosteric heats of adsorption of three sol- 
vent vapors were reversed at a certain amount adsorbed. This phe- 
nomenon can give important clues for surface heterogeneity and 
adsorbate-artsorbate interaction relating to artsorption. This result 
will be rigorously applied in simulating the adsorption dynamics in 
the futvae. 
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N O M E N C L A T U R E  

A 
b 

C 

E 

E(%) 
K 
N 
n 

P 
P, 
Q 
Q ~  
Qr 

Q,o 
%, 
R 
1" 

T 
W 
Wo 

defined in Eq. (5) 
isothen-n parameter in Langmuir mad Sips equatiorm [m3/ 
mol, (m3/mol) ~/~] 
vapor-phase concentration [tool/in 3] 
characteristic energy in D-A equation [J] 
object function or average deviation defined in Eq. (6) 
isotherm parameter ha FreusMIich equation [(na3/itlol) v~] 
number of  components 
exponent parameter in Freundlich and Sips equations 
gas pressure [mrnHg] 
saturated pressure [mn-ffIg] 
anmmlt adsorbed [mol/kg] 
calculated amousat adsorbed [mol/kg] 
experimental amount adsorbed [moI/kg] 
rnonolayer amount adsorbed [rnol/kg] 
isosteric heat of adsorption [J/rnol] 
gas constant [J/K moI] 
exponent in D-A equation 
absolute teraperature [K] 
adsorbed volume [m 3] 
parameter in D-A equation [m 3] 

Greek Letters 

: adsorption energy [J/moI] 
e 0 : reference adsorption energy [J/moI] 
% : adsorption energy distribution 
@ : local adsorption isotherln 
Or : overall adsorption isotherm 
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