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Perlite samples activated by H,SO, solutions were utilized as
adsorbents for the removal of Cu(ll) ions from solutions at dif-
ferent pHs, ionic strengths, and temperatures. It has been found
that the amount of Cu(ll) adsorbed increased with increased pH,
whereas it decreased as the ionic strength, temperature, and acid
activation increased. Adsorption isotherms correlated reasonably
well with the Langmuir adsorption isotherm and Langmuir para-
meters of adsorption isotherm (Q,,, and K) were found with the aid
of the linearized Langmuir isotherm. The entalphy change for Cu*
adsorption has been estimated as —5.14 + 1 and 4.38 + 1 kJ/mol for
unexpanded and expanded perlite samples, respectively. Proton sto-
ichiometry (x) was calculated from Kurbatov plot using the amount
of Cu(ll) adsorbed at different pH. The dimensionless separation
factor (R) has shown that perlite can be used for removal of Cu(ll)
ion from aqueous solutions, but unexpanded perlite is more effec-
tive.  ©2001 Academic Press

Key Words: Copper; perlite; adsorption isotherms; metal ion;
proton stoichiometry.

1. INTRODUCTION

(14-18), geothite (19-23), heamatite (24), amorphous ferr
oxide (25), bentonite (1, 26), activated carbon (27), sphaleri
(28, 29), anatase (30, 31), red mud (32, 33), mica (34), illite (35
kaolinite (36), and clay (37).

Perlite is a glassy volcanic rock, commonly light gray, with
a rhyolitic composition and 2 to 5% combined water (38)
Expanded perlite meets competition from various other indu:
trial minerals (39). Commercially, the term perlite includes an
volcanic glass that will expand or “pop” when heated quickly
forming a lightweight frothy material. The temperature at whict
expansion takes place ranges from 760 to 200@ volume in-
crease of 10 to 20 times is common (38). However, this versatil
lightweight material with its low bulk density continues to grow
in popularity even though it is by no means the cheapest (3¢
Along the Aegean coast, Turkey possesses about 70% (70
10° tons) of the world’s known perlite reserves (40). The uses
expanded perlite are many and varied and are based primatr
upon its physical and chemical properties. Because of their lo
thermal conductivity, high adsorption of sound, low bulk density
and fire resistance, perlite aggregate plasters hold many adv:
tages over conventional plaster. Over half of the perlite produce

The adsorption of heavy metal cations onto oxide surfaces €S into the construction industry, in particular as aggregate

been the subject of many studies in recent years. The preseifigglation board, plaster, and concrete. In cryogenic (extreme
of metals in aquatic environments has been known to cause deéw temperature) applications, perlite is used to insulate stora
eral health problems in animals and human beings (1, 2). Heagssels for liquefied gas. Expanded perlite is used as a rooti
metal levels in waste water, drinking water, and water used medium and soil conditioner, and as a carrier for herbicide:
agriculture must be reduced to a maximum permissible cofsecticides, and chemical fertilizers. Accurately sized perlite i
centration. Precipitation, ion exchange, solvent extraction, anged as an aid in filtering water and other liquids, in food pro
adsorption on oxides are the conventional methods for the ggssing, and in pharmaceutical manufacture. As most perlit
moval of heavy metal ions from aqueous solutions (1, 3-6), bugve a high silica content, usually greater than 70%, and a
due to high maintenance cost these methods do not suit the neaigorptive, they are chemically inert in many environments ar
of developing countries (1, 7). hence are excellent filter aids and fillers in various processt
The adsorption process is used especially in the water treditid materials. Miscellaneous uses of expanded perlite inclus
ment field and investigation has been made to determine gobilgrs or extenders in paints, enamels, glazes, plastics, resit
inexpensive adsorbents. Studies so far have focused on adapg rubber, as a catalyst in chemical reactions; as an abrasi
bents such as alumina (8-10), magnetite (8, 11), pyrolusite (8nd as an agent in mixtures for oil well cementing (41).
rutile (9, 12), zirconia (9), hydrous manganese oxide (13), silicaln our previous works, we investigated the electrokinetic
properties (42) and surface titration of perlite suspensions (4.
and also the adsorption of methylene blue from aqueous sol
tions onto perlite samples (44). In the present study, removal
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TABLE 1 H,S0O, solutions were used to obtain the acid-activated perlit
Chemical Composition of Perlite samples. The aqueous suspensions of both the unexpanded
expanded perlite samples in 0.2, 0.4, and 0.6 pE, solu-

Constituent Percentage present tions (so the acid/solid ratios werg8, 2/5, and 35 g/g) were

Sio, 71-75 refluxed with a reflux apparatus, filtered and washed with dic
Al,O3 12.5-18 tilled water until no precipitation was observed upon the additio
NaO 2.9-4.0 of Ba(ag)?* into the filtrate, and finally dried at 11G for 24 h.
K20 4.0-5.0 The cation exchange capacity (CEC) of the various perlit
Ca0 0.5-2.0 . . )
Fe0s 01-15 samples was determined by the ammonium acetate method; d
MgO 0.03-05 sity by the pyknometer method. The specific surface area
TiO, 0.03-0.2 the samples of expanded perlite (EP), acid-activated expanc
MnO, 0.0-0.1 perlite (EHP(0.6)), unexpanded perlite (UP), and acid-activate
SO 0.0-0.1 unexpanded perlite (UHP(0.6)) were measured by BE B¢
FeO 0.0-0.1 . : _

Ba 0.0-0.1 sorption. The results are summarized in Table 2 (42). All chen
PbO 0.0-05 icals were obtained from Merck.

C 0.0-0.1

! 2.2. Methods

. , . . Adsorption experiments were carried outin 100-mL polyethy
Cu** from aqueous solutions by adsorption has been studigthe flasks by shaking 0.5-g perlite samples with variou

The effects of solution pH, ionic strength, acid activation, ang. ;ints of stock G solutions prepared from CugI2H,0
temperature on Cd adsorption have been evaluated and the, standardized titrimetically at 30, natural solutions pH
proton stoichiometry and parameters for Langm_uw adsorptl%l'lioa), and constant ionic strength (0.2 M NaCl), excep
|sotherms have been rgported. The results obta.med have bgeRe in which varying conditions of temperature, pH, and ioni
applied to a batch design for the removal of“Cions from strength were investigated. The concentration of'Csolu-
aqueous media using perlite samples. tions for both sets of perlite samples was varied in the ranc
of 1.6 x 107°-2.4 x 10~* mol/L. A preliminary experiment re-
vealed thatabout 15 h is required for&ions to reach the equi-
librium concentration. The flasks were shaken mechanically ft
15 h at 3Gt 0.2°C. The solution was filtered through Whatmann
The unexpanded and expanded perlite samples were obtaiA2dilter paper. The pH of the solution was measured and cons
from Cumaovasi Perlite Processing Plants of Etibdaknif, ered as the equilibrium pH. Each run was made at least in dup
Turkey). The chemical composition of the perlite found ircate. A thermostated shaker bath was used to keep the tempe
Turkey in the literature is given in Table 1 (40). The unexpandedre constant. The pH of the solution was adjusted with NaO
and expanded perlite samples were treated as follows (42) beforeHNO; solution by using an Orion 920A pH meter with a
being used in the experiments: the suspension containing 10 gimbined pH electrode. The pH meter was standardized wi
perlite was mechanically stirred for 24 h; after about 2 min théBS buffers before every measurement. The concentration
supernatant suspension was filtered through a white-band filB&F* ions in the filtrate was determined by AAS (Unicam 929)
paper (b = 125 cm). The solid sample was dried at @0 Blanks containing no Ctr were used for each series of experi-
for 24 h, then sieved by a 100-mesh sieve. The particles undeents. The amounts of €uadsorbed were calculated from the
100-mesh were used in further experiments. concentrations in solutions before and after adsorption (44).

2. MATERIALS AND METHODS

2.1. Materials

TABLE 2
Some Physicochemical Properties of Perlite Samples Used in the Study

CEC Density Specific surface area Zeta potential

Sample Nomenclature (meg/100g) (g/mL) A (mV)
Expanded, purified in water EP 33.30 2.24 2.30 —46.8
Expanded, 0.2 M acid-activated EHP(0.2) 38.20 2.10 — —47.1
Expanded, 0.4 M acid-activated EHP(0.4) 43.38 2.04 — —46.3
Expanded, 0.6 M acid-activated EHP(0.6) 54.24 1.93 2.33 —44.0
Unexpanded, purified in water upP 25.97 2.30 1.22 —235
Unexpanded, 0.2 M acid-activated UHP(0.2) 32.79 2.32 — —218
Unexpanded, 0.4 M acid-activated UHP(0.4) 35.00 2.38 — —220

Unexpanded, 0.6 M acid-activated UHP(0.6) 36.56 2.46 1.99 —-211
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3. RESULTS AND DISCUSSION or
3.1. Proton Stoichiometry [Cu** Jags i
log P, = [log K3 + log(SiOH)]+ 2pH [8]
Several authors have investigated the overall stoichiometry of ©
surface complex formation by measuring the number of hydr8t
genions released per adsorbed metal ion. Since specific adsorp- [CUP* ] ads _
tion of multivalent cations almost always involves proton ex- log CT#F, [log K3 + 21og(SiOH)]+ 2pH,  [9]
e

change, an important characteristic of the adsorption processes

is the number of protons released, or hydroxide ions adsorb@ghere [C#*]. is the equilibrium concentration of €tiin so-
for each cation adsorbed (45). To identify the appropriate modglion and [SiOH] is the concentration of active site of the
of adsorption, as a first step it is necessary to determine the $igrface.

ichiometry of the reaction (46), which characterizes the netH A plot of the left-hand side of Egs. [7], [8], or [9] versus

exchange and varies with pH and the coverage of the surfagguilibrium pH of the solution should yield a linear relation-
with adsorbate (47). It has been observed that at concentratignip, the slope of which gives the stoichiometric coefficient o
of metal ions lower than 1@ M, batch titration data yield a the reactions [1], [3], or [5] (46). This plot, which is called a
very high ratio of protons released’Madsorbed. Indeed, all Kurbatov plot, is useful for two reasons. First, it is frequently
the published data correlatinG{ — Ca) with [M?*] are in the |inear for trace divalent cation adsorption. Second, one of the:
M?2* concentration range 18-10"* M. Therefore, the titrimet- parameters—the slope of the plot—gives an indication of th
ric method is not suitable for determining the stoichiometry @ftoichiometry of the i—M™ exchange reaction if adsorption
the reaction at low concentrations of metal ions (45). Fokkink at very low surface coverages and low solution concentration
and co-workers recently proposed a simple double-layer mogi&) other method is suitable for determination of this stoichiom
for estimating the value of the proton coefficient. They prestry under these conditions (45).

dict a value forx in the range 1 to 2 under most experimental The plots of log([C&*]ags/[CU?]e) Versus equilibrium pH
conditions, the particular result being determined primarily byre shown in Fig. 1. From the slope of each line in Fig. 1, it ha
ApH = (pHpzc — pH), where pH, is the point of zero charge been found that the number of protons released pét @n
(23, 48). It has been shown by Bariet al. (42) that the perlite adsorbed onto perlite samples is 1.08 and 0.98 for unexpanc
samples have no point of zero charge and exhibit negative zg®l expanded perlites, respectivelyalues for different adsor-
potential values in the pH range 3-11. Therefore, this methpents and metal ions are given in Table 3. This result indicate
is not suitable for calculating from experimental data. As anthat the adsorption of copper(ll) from aqueous solution ont
alternative method one may use the mass law expression to glerlite surface occurs according to reaction [1]. The fact thz
termine the stoichiometry of the surface interaction and this hgie x values are about 1 for tiion adsorption means that the
proved to be a useful empirical approach (45, 46). surface charge becomes increasingly positive, as tRe ©as

The adsorption of copper(ll) can be expressed accordingjtpthe solution are adsorbed onto the perlite surface, accordil
the following equations given by Paetal.(49) and Bourg and to reaction [1].

Schindler (50):
3.2. Adsorption Isotherms

SiOH+ CU*" = SiO—Cu* + H™, [1]
) P The surface hydroxyl groups of the adsorbent have the ma
— w 2] effect on the adsorption of Gtiion onto the perlite, so it would
[SIOH][Cu*] be useful to review the surface hydroxyl groups. The silicol
SIOH+ C2* + H,0 = SIO-CuOH + 2 H*, 3] atoms at the surface tend to maintain their tetrahedral coordin
tion with oxygen. They complete their coordination at room tem

1

K, — [SIO-CuOHJ[H*]? [4] Perature by attachment to monovalent hydroxyl groups, form
[SIOH][Cu?t] ing silanol groups. Theoretically, it is possible to use a patter
2 SIOH+ CUP* = (SIORCW + 2 H*, [5] in which one silicon atom bears two or three hydroxyl groups
yielding silanediol and silanetriol groups, respectively. It is im-
_ [(Si0),CW[H ] [g] Probable that silanetriol groups exist at the silica surface. Tt
~ [SIOH][Cu?t] type of silanol groups are shown below (42-44):
If [Cu?*]qgs represents the adsorbed amount of copper(ll) i OH PH
terms of any one of the reactions [1], [3], or [5], the equation "\, AN ./ __g—oH
below can be written — Si—OH Si L
Ccu2t /s \OH OH
log SV Jads _ 1100, 4 log(SIOH) - pH [7]

[Cu*t]e Hydroxyl or silanol groups  Silanediol groups Silanetriol groups
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FIG. 1. Kurbatov plots for proton stoichiometry: (a) UP and (b) EP.

The hydrous oxide surface groups in alumina are as followerlite samples. This decrease observed may be due to the y

(42-44): tial destruction of perlite structure as shown by Praegal.
(52) and Lopez-Gonalez and Goralez-Gar@ (53) for ben-
H tonite, and also may be due to the decrease in OH groups
=Al—0H or —Al TABLE 3
\OH H* Released for Each Metal lon Adsorbed
onto Different Adsorbents
Adsorption of cations by hydrous metal oxides is frequentiydsorbent Metal ion X References
found to be extremely rapid, most of the exchange occurring
within a matter of minutes. This rapid adsorption reflects tHeVin©z Pgi 14 (45)
facts that the adsorption is a surface phenomenon and that the §n2+ ﬁ Ejg
surfaces are readily accessible to the ions in solution. In mi- TI+ 038 (45)
croporous oxide systems, especially those obtained by heatingino, Mn2+ 1.0-1.7 (45)
equilibrium is achieved somewhat more slowly (45). The rate Co?* 2.1+0.26 (45)
of exchange is generally controlled by the rate of ion diffusion Z“Zi 2.1+£0.05 (45)
within the particle and this is related to the size, shape, and 38'59-2 g? 1 11‘(1) 2 (4)
N R ) A1-1. (45)
tial distribution of the pores. The size distribution of micropores Fe+ 1—2 (45)
in hydrous oxides is frequently found to be very sensitive tano, Mg2+ 0.05-0.25 (45)
heat treatment. The porosity and specific surface are generally cat 0.12-0.35 (45)
found to reach a maximum at some particular temperatures, aHtP S’Zi 0.45 (45)
then the specific surface area decreases with increasing temper- 22; (1):(5)2 Eig;
ature as a result of sintering (45). Figure 2 shows the adsorption Mn2+ 0.90 (45)
isotherms of C& ions on the unexpanded and expanded perlite Ni2+ 1.18 (45)
samples. The adsorbed amount of?€iions for unexpanded zn?t 0.14 (45)
perlite is greater than that for expanded perlite. The decred$&>s Cagi 1-0‘5}3-@ (45)
in the amount of adsorption by expansion may be a result oL_%OOH PC? 1;'—2.@ 223
decrease in the number of hydroxyl groups on the perlite safireoonH cé+ 24405 (45)
ples during the calcination. The decrease in the number of hy- PR+ 2.0+05 (45)
droxyl groups of the adsorbent, which are the main effective Co*t 2.3+0.6 (45)
sites for adsorption, during the expansion of perlite is thought¢OOH Z’@i 22403 (45)
to cause a decrease in adsorption capacity, although expan'(:uee%EI g; (1).22 Eig;
perlite has greater values of cation exchange capacity (CEC), PR+ 12-16 (45)
zeta potential (ZP), and specific surface area than unexpandeéthite cét 1.66 (23)
perlite (44). Goethite cé* 1.1 (51)
The effect of acid activation on the adsorption of’Cions YP Ce* 1.08 This study
Cc@t 0.98 This study

onto perlite samples is given in Fig. 3, which indicates that e
numbers of adsorbed €uions slightly decrease with the con-  a|n¢rease with pH.
centration of HSO, used for the acid activation for both of the ®No trend with pH.
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4.50E-06 the range of these pH values and that adsorption does not oc
4.00E-06 below pH 5. It has been shown (42) that the perlite samples ha
no point of zero charge and exhibit negative zeta potential valt
at the pH range 3-11:

3.50E-06

3.00E-06

(mol/g)

—SiOH+ OH™ = -SiO™ + H,0, [10]

2.50E-06

®

Q

2.00E-06
By taking into accountthat thevalue forreaction [1] has been

found to be equal to 1 as described in Section 3.1, it can be s¢

1.50E-06

Temp. °C) :30 . . .
1.00E-06 o) 02 that as the pH of Cif solution becomes higher, the associatior

pH 16.1x0.3

of CU?* ions with the more negatively charged perlite surface
can more easily take place:

5.00E-07

0.00E+00 T T T T
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

c.M) —SiOH+ CUw*" = SiO-Cu' + H*. [1]

FIG.2. The effect of thermal treatment on the adsorption of Cions on lonic strength affects the activity coefficients for OHH;O™,
perlite. and specifically adsorbable ions. As seen in Fig. 5, increasir
the ionic strength of solution causes a decrease in adsorption
Cu?* ions onto perlite surfaces. This indicates that the negati\
perlite during the activation process as was shown bgdbo™charge of the surface of perlite, which has ng,pfth the range
(54) using IR spectra. of pH 3-11 (42-44), decreases with increasing ionic strengt
The tendency for multivalent cations to be adsorbed onto sofieisulting in reducing the adsorption capacity.
surfaces has also been put to use in scavenging impurities fronAA study of the temperature dependence of adsorption rea
solution and for the selective preconcentration of a number &9ns gives valuable information about the enthalpy change du
trace elements. The hydrous metal oxides, particularly thoseing adsorption. Greater adsorption is often found at lower ten
iron, aluminum, and manganese, have been used most frequep@atures, but the differences are usually small. The effect
for these purposes, and the efficiency of removal of the metamperature on the adsorption isotherm was studied by carryil
ions from solution has invariably been found to be strongly pput a series of isotherms at 30, 40, 50, andG@or both of
dependent. A rapid increase in uptake of the metal ion usualhe perlite samples (unexpanded perlite and expanded perlit
occurs over a narrow pH range. This is particularly true for tHs shown in Fig. 6. Results indicate that the adsorption capac
strongly hydrolyzable cations (45) and has led many worke®$ unexpanded and expanded perlite foCdecreases with
to view this uptake as anHM?+ exchange reaction with the increase in temperature. The effect of temperature is fairly con
protons derived from the weakly acidic surface OH groups. Toon and increasing temperature results in anincrease inthe r
study the influence of pH on the adsorption capacity of perlig§ approach to equilibrium. In addition, the temperature coef
samples for CI* ions, experiments were performed using vaficient for the reverse reaction is greater than for the forwar
ious initial solution pH values from 5 to 7 (Fig. 4). It may beeaction and consequently the equilibrium capacity decreas
said that the adsorption capacity increases with increasing pHith increased temperature (55).

4.50E-06 3.00E-06

a b
400B06 1 | .pp e EP
e UHP©.2) 2.50E-06 e :EHP(0.2)
3.50E-06 A :UHP(0.4) A :EHP(0.4)
a : UHP(0.6) Temp. °C) : 30 s :EHP(0.6)
3.00E-06 M ;02 2.00E-06 4 ocy -
pH ¢ 61403 ITS“K‘(C) L s
2.50E-06 pH L6103
cl = 1.50E-06 4
3 2.00E-06 - %"
\E: 1.50E-06 o 2 £
o L < 1.00E-06 4
1.00E-06 d
5.00E-07 4
5.00E-07
0.00E+00 0.00E+00

0.00E-+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04 0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.508-04

FIG.3. The effect of acid activation on the adsorption ofCions on perlite: (a) UP and (b) EP.
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FIG. 4. The effect of solution pH on the adsorption of&tions on perlite: (a) UP and (b) EP.
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FIG.5. The effect of ionic strength on the adsorption ofCions on perlite: (a) UP and (b) EP.
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FIG.6. The effect of temperature on the adsorption ofCions on perlite: (a) UP and (b) EP.
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3.3. Isotherm Analysis

0.00025

Langmuir adsorption isotherm for data of Fig. 2.

ALKAN AND DO GAN

formation of a monomolecular layer on the surface of the adso
bent (mol g'), Qe = equilibrium Cu(ll) concentration on ad-
sorbent (mol g'), Ce = the equilibrium Cu(ll) concentrationin
solution (mol L), andK = adsorption constant (L mot).

According to the Freundlich equation, the amount of sub
stance adsorbed per gram of adsorbépyg)(is related to the
equilibrium concentrationGg) by the equation

Qe = KFCéL/n
or
1
INQe =INKg + o InCe, [12]

where Kg andn are empirical constants. The valuesrofs
usually between 2 to 10 (56).

According to Eq. [11], a plot 0€./ Qe versusC, should be
a straight line with a slope/Q, and intercept 1Q,K when
adsorption follows the Langmuir equation. If it follows the Fre-

The equilibrium adsorption isotherm is of fundamental imundlich equation, a plot of lo§. against logCe should give a
portance in the design of adsorption systems. The Langmsifaight line, of slope An and of intercept lor. The straight
equation, which is valid for monolayer adsorption onto a sulines shown in Figs. 7-11 show that Eq. [11] can adequate
face containing a finite number of identical sites, is the equeepresent the adsorption process. Adsorption isotherms we
tion most frequently used to represent data on adsorption freiBtained in terms of Eqs. [11] and [12] by using experimen
solution. The exact shape of the adsorption isotherm for a hgift adsorption results in these equations. ValuesJgr K, n,
erogeneous adsorbent will depend on the distribution okthe and K¢ are summarized in Table 4. The isotherm data wer
values or, more specifically, on the frequency distribution of thgalculated from the least-squares method and the related ¢

adsorption energy sites on the adsorbent (44, 45).

The Langmuir equation can be expressed as

_ QmKCe

Qe_1+KCe

or
Ce 1 Ce

Qe QuK T Qu’

(11]

relation coefficientsr(values) are given in the same table. As
seen from the Table 4, the Langmuir equation represents the
sorption process very well; thevalues were almost all higher
than 0.99, indicating a very good mathematical fit. The fact the
the Langmuir isotherm fits the experimental data very well ma
be due to homogenous distribution of active sites on the perli
surface, since the Langmuir equation assumes that the surf
is homogenous (44, 45).

The shape of the isotherm may also be considered wi

where Q, = the maximum surface coverage representing tideview to predicting if an adsorption system is “favorable”
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TABLE 4
Langmuir Isotherm Constants for Perlite Samples

Langmuir isotherm

Freundlich isotherm

Temperature Qm x 10° K x 104
Sample {C) 1 (M) pH (mol/g) (L/mol) r n Kr x 10° r R
UP 30 0.2 6.1+0.3 417 475 0.9996 2.81 87 0.9749 0.791-0.096
UHP(0.2) 30 0.2 6.+£0.3 221 373 0.9981 2.64 B4 0.9562 0.733-0.110
UHP(0.4) 30 0.2 6.%£0.3 155 226 0.9995 2.26 51 0.9754 0.782-0.165
UHP(0.6) 30 0.2 6.£0.3 126 196 0.9982 2.25 A0 0.9916 0.822-0.207
EP 30 0.2 6.%0.3 280 404 0.9990 2.79 B2 0.9683 0.759-0.105
EHP(0.2) 30 0.2 6.1£0.3 146 316 0.9995 2.57 39 0.9552 0.726-0.124
EHP(0.4) 30 0.2 6.£0.3 104 376 0.9994 2.83 D3 0.9519 0.679-0.105
EHP(0.6) 30 0.2 6.£0.3 100 173 0.9978 2.15 80 0.9901 0.810-0.202
upP 30 0.2 5 100 193 0.9995 221 B30 0.9752 0.791-0.185
UpP 30 0.2 6 02 359 0.9994 2.66 &9 0.9527 0.725-0.113
UpP 30 0.2 7 639 10.52 0.9989 3.55 .83 0.9853 0.912-0.051
EP 30 0.2 5 ®0 254 0.9986 2.47 a7 0.9718 0.733-0.145
EP 30 0.2 6 B2 288 0.9978 2.76 B2 0.9832 0.759-0.135
EP 30 0.2 7 &8 548 0.9989 2.61 19.52 0.9791 0.853-0.095
upP 30 0.0 6.10.3 15.94 16.13 0.9936 2.97 38.13 0.9021 0.990-0.06°
UP 30 0.1 6.1H0.3 791 15.39 0.9998 3.20 14.15 0.9878 0.786-0.039
upP 30 0.2 6.10.3 417 475 0.9996 281 87 0.9749 0.791-0.096
UP 30 0.5 6.10.3 245 515 0.9991 3.00 28 0.9197 0.681-0.083
UP 30 1.0 6.10.3 186 295 0.9967 2.82 34 0.9935 0.768-0.133
EP 30 0.0 6.10.3 798 12.44 0.9993 3.21 13.66 0.9148 0.803-0.048
EP 30 0.1 6.10.3 569 438 0.9979 2.25 28.19 0.9305 0.788-0.109
EP 30 0.2 6.10.3 280 404 0.9990 2.79 B2 0.9683 0.759-0.105
EP 30 0.5 6.10.3 122 369 0.9924 2.54 30 0.8723 0.683-0.107
EP 30 1.0 6.10.3 100 225 0.9960 2.52 20 0.9698 0.769-0.163
UpP 30 0.2 6.140.3 417 475 0.9996 281 87 0.9749 0.791-0.096
UP 40 0.2 6.10.3 384 441 0.9988 2.16 23.17 0.9357 0.774-0.101
up 50 0.2 6.140.3 339 415 0.9986 2.15 20.63 0.9372 0.754-0.105
up 60 0.2 6.140.3 289 378 0.9984 2.13 17.65 0.9568 0.753-0.111
EP 30 0.2 6.10.3 280 404 0.9990 2.79 B2 0.9683 0.759-0.105
EP 40 0.2 6.10.3 256 215 0.9951 1.89 22.23 0.9805 0.808-0.177
EP 50 0.2 6.10.3 241 203 0.9944 1.72 34.12 0.9630 0.811-0.185
EP 60 0.2 6.10.3 166 202 0.9941 1.86 15.58 0.9537 0.809-0.182

or “unfavorable.” The essential characteristic of a Langmuithe results given in Table 4 show that the adsorption ¢f'Cu
isotherm can be expressed in terms of a dimensionless sep@ia-on the perlite is favorable.

tion factor or equilibrium parametét (57), which is defined by From the adsorption data at various temperatures, the entha
relationship change for C&i* adsorption can be estimated from the van’t Hoff

1 isochore (58, 59):

R=—«+—. 13
1+ KCe [13]

|:3|nKj| _AHads [14]
2

T |, RgTZ'

The subscrip means that the equilibrium constant at each tenr
perature is measured at constant coverage. Under these cor

According to the value ofR the isotherm shape may be
interpreted as follows:

Value of R Type of adsorption tions, from the Langmuir equation@t= 0.5, K = 1/C.and so
R>1.0 Unfavorable InCe _ AHags [15]
R=10 Linear (YT lpos Ro '

0<R<10 Favorable
R=0 Irreversible whereRy is the gas constant.
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This value of A Hygsis called the isosteric heat of adsorption
referring to the fact that it applies to a certain value of the cove
age. The Langmuir model implies thaH,4sshould be constant,
but it is more likely to be a function of coverage £ Qe/Qm).

The values ofA Hygys were calculated as-4.384+ 1 kJ/mol
for expanded perlite and-5.14+1 kJ/mol for unexpanded
perlite from the data given in Fig. 12 according to Eq. [15]. The
results show that the interactions between surface and adsork
molecules are weak enough to be considered as van der We
forces.

3.4. Designing Batch Adsorption from Isotherm Data

Adsorption isotherms can be used to predict the design |
single stage batch adsorption systems (60). A schematic d
gram is shown in Fig. 13, where the effluent containiiters of
water and an initial metal ion concentrati@g, which is to be
reduced taC; in the adsorption process. In the treatment stag
W(g perlite (Cd+-free) is added and the €uconcentration on
the solid changes fro@y = 0 (initially) to Q;. The mass bal-
ance that equates the €uremoved from the liquid effluent to
that accumulated by the solid is

V(Co — C1) = W(Q1 — Qo) = WQu. [16]

In the case of the adsorption of &uon unexpanded and
expanded perlite samples the Langmuir isotherm gives the b
fit to experimental data. Consequen@y from Eq. [11] can be
best substituted fa®, in the rearranged form of Eq. [16], giving
adsorbent/solution ratios for this particular system:

W _ Ci—C  Co—Ce

ViooQ o (fke)

[17]

Figures 14a and b show a series of plots derived from Eq. [1
for the adsorption of Cti on unexpanded and expanded perlite

80

70 - b

o %50
¢ %60
e %70
50 1 A %80
m %90

Temp. (°C) :

W(g)

FIG.14. Volume of effluent {/) treated against adsorbent mag$) for different percentages of €ti removal: (a) UP and (b) EP.
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An initial Cu?t concentration of B x 10~® mol/L is assumed, ACKNOWLEDGMENT
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