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Abstract

In this work, activated carbon fibers (ACFs) were plated with copper metal using electroless plating method and the effects
of surface properties and pore structures on chromium adsorption properties were investigated. Surface properties of ACFs
have been characterized using pH and acid/base values. BET data,witisdxption were used to obtain the structural
parameters of ACFs. The electroless copper plating did significantly lead to a decrease in the surface acidity or te an increas
in the surface basicity of ACFs. However, all of the samples possessed a well-developed micropore. The adsorption capacity
of Cr(lll) for the electroless Cu-plated ACFs was higher than that of the as-received, whereas the adsorption capacity of
Cr(VI) for the former was lower than that of the latter. The adsorption rate constanis,(andKs) were also evaluated
from chromium adsorption isotherms. It was found #watonstant for Cr(lll) adsorption depended largely on surface basic-
ity. The increase of Cr(lll) adsorption and the decrease of Cr(VI) adsorption were attributed to the formation of metal oxides
on ACFs, resulting in increasing the surface basicity.
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1. Introduction complexes of acid type on ACs. Pakal [8, 9] modified
ACs using chemical and electrochemical treatment method.

Chromium compounds are present in the effluents of elec-They reported that these treatments can be utilized to
troplating, metal finishing, magnetic tapes, wood preserva-develop more selective and effective adsorbents for gas and
tion, leather tanning, pigments, and chemical manufacturingliquid pollution control. Perez-Candedd al. [10] studied in
industries. They are one of the undesirable heavy metal#\Cs, in powder and granular form, prepared from different
because it affects human physiology, accumulates in the foodaw materials, obtained by different activation procedures to
chain and causes several ailments. Activated carbons (ACsemove Cr(VI) from aqueous. Recently, Patlal [11] have
or activated carbon fibers (ACFs) have received great attenreported that the amount of adsorption and adsorption rate of
tions as a adsorbent for chromium control because of theilCr(VI) increases with increasing the surface oxide groups of
extended surface area, high adsorption capacity, uniformACFs, even though both the specific surface area and the
microporous structure, and specific surface reactivity [1, 2]. micropore volume do not significantly change on anodized

It is well known that the adsorption of chromium on ACFs ACFs.
is governed by structural parameters and surface functional It was also reported that the removal of Cr(lll) and (VI)
groups, which can be changed by different treatments [3-5]from aqueous solution by ACs depended on the pH and
In real applications, there are many studies on the surfacehromium concentration. Huang and Wu [12] revealed that
treatments to improve the surface and adsorption propertiethe adsorption of Cr(VI) on ACs was highly pH-dependent
of ACs. Aggarwalet al. [6] studied the adsorption isotherms and the maximum adsorption value was shown when pH
of Cr(lll) and Cr(VI) ions on ACFs and granulated ACs after was 6. Also, several researchers [13, 14] used activated car-
modifying their surfaces by oxidation with nitric acid, bons, lignite coal and bituminous coal for the adsorptive
ammonium persulphate, hydrogen peroxide, and oxygen gasemoval of chromium from aqueous solution at different pH
at 350C. And they found that while the presence of acidic values and observed that the adsorption of Cr(VI) was a
surface groups enhances the adsorption of Cr(lll) cations, itmaximum at pH = 3, while the reduction was a maximum at
suppresses that of Cr(VI) anions. Bautista-Toletal. [7] pH=1.
used the ACs treated with nitric acid to introduce surface The purpose of the present work is to investigate the sur-
oxygen complexes, observed that adsorption of both Cr(lll)face properties and pore structure of the electroless Cu-
and Cr(VI) is enhanced by the presence of surface oxygemplated ACFs, using pH, acid and base values, and BET
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adsorption isotherms. It was tried to assess how these prop- C. —ex p[EO—ELJ
BET™

erties affect the adsorption capacity and rate of Cr(lll) and RT

Cr(VI).
where Cger is characteristic constant of the adsorbate-adsor-
bent, E, the heat of adsorption in the first layEyf, the heat

2. Experimental of liquefaction,R the gas constant, afdthe Kelvin temper-
ature.

2.1. Materials Also, the DR equation was applied to the nitrogen experi-

ACFs (TC-66E) used were supplied by Taiwan Carbon mental isotherms for micropore analysis [19]. A liquid den-
Co. The procedure of electroless copper plating on ACFssity of 0.808 g/criwas assumed for nitrogen in the adsorbed
was described elsewhere [15]. In this work, four series ofphase at 77 K in order to calculate micropore volumes [20].
ACF samples were prepared according to the designed platAssuming a slit-shaped pore, the micropore half-width,
ing time. The ACFs studied were referred to as as-receivedmay be calculated using the following equation:

Cu/ACF-2 for 2 min plating time, Cu/ACF-5 for 5 min, and

Cu/ACF-10 for 10 min. X= PrIE )
wheref3 is an affinity coefficientE a characteristic adsorp-

2.2. Surface Properties and the content of copper tion energy, ank a constant. For nitrogeffs is equal to

2.2.1. pH of ACFs 0.35, andk to 13 nm kJ/mol for this set of materials [22].

The pH of ACFs was measured according to the ASTM D
3838. About one gram of dry ACFs was added to 20 ml of2.4. Adsorption of Chromium
distilled water, and the suspension was shaken overnight to The adsorption isotherms of Cr(lll) and Cr(VIl) on ACFs
reach equilibrium. The sample was filtered and the pH of thewere obtained by using stopper flasks containing 0.1 g of
solution was measured. ACFs in 100 ml of aqueous solution of sodium chromate

2.2.2. Acid and base values (Na,CrO, - 4H,0) and chromium chloride (Crgd 6H0),

The density of the surface functional groups was deter-respectively. In the case of Cr(VI) adsorption, the initial pH
mined by Boehms titration method [16]. In the case of acidof the solution was adjusted to about 3 using 0.1 N HCI and
value, about one gram of the sample was added to the be#®.1 N NaOH. The bottles were sealed with glass stopper and
kers containing 100 ml of 0.1 N NaOH solution. The beakersthen shaken for a given time (10, 20, 30, 40, 50, 60, 120, and
were sealed and shaken for 24 h with purgingghs, then 180 min) at 2%C at a frequency of 95 strokes/min using a
the solution was filtered through a membrane filie=(0.45 thermostatic shaking bath. At the end of the reaction period,
im, nylon) and the excess of base was titrated with 0.1 Neach reaction mixture was filtered to separate the superna-
HCI. The acid value was calculated from the amount oftants and ACFs. The amount of chromium adsorbed was
hydrochloric acid that reacted with the sodium hydroxide. determined by atomic absorption spectroscopy (AAS, Per-
Likewise, the base value was determined by converse titrakin-Elmer 2380). All isotherms have been carried out with-
tion. out adding any buffer to control the pH in order to avoid the

2.2.3. Content of copper introduction of a new electrolyte in the system, which may

About 0.5 g of the sample was added to 30 ml of distilled influence the adsorption process [7].
water containing 5 ml of nitric acid and then boiled for 30
min. After cooling, the sample was filtered and the mixture
was adjusted to the certain amount using a volumetric flask3. Results and Discussion
The content of copper was determined by atomic absorption

spectroscopy (AAS, Perkin-Elmer 2380). 3.1. Surface Properties and content of copper
Table 1 summarizes the experimental surface properties
2.3. Nitrogen adsorption and copper content of ACFs determined by pH, Boehm’s

Nitrogen adsorption isotherms were measured using artitration and AAS. The surface of the as-received was acidic,
ASAP 2400 (Micromeritics) at 77 K. Prior to each analysis, probably due to its origin and the method of activation.
the samples were outgassed at 298 K for 6 h to obtain alowever, data in Table 1 show that the electroless copper
residual pressure of less thari®l@rr. The amount of nitro-  plating does significantly lead to a decrease in the surface
gen adsorbed on ACFs was used to calculate specific surfacacidity and an increase in the surface basicity in this system,
area and pore size distribution determined from BET equadindicating that the basic species are created on the surface of
tion [17] and BJH model [18], respectively. The following ACFs [21]. The results obtained from acid/base titration
BET constantCgey; Obtained by the intercept of the BET were in general agreement with the pH values. Also, this
equation can be used for the calculation of the net of heabehavior of the surface basicity was similar as that of copper
adsorption (NHA): content; the content of copper increased with increasing the
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Table 1. Surface properties of the ACFs studied and copper con
tent 44 .
T . —~ [ & as-received
Nomen- oH Acidic valuesBasic valuesCopper content c .. s
clature [mea/g] [meag/g] [ppm] A i . A CwACF-S
as-received 4.24 440 20 0 qg) o v CWACEIO
CU/ACF-2 857 150 260 43 G %
Cu/ACF-5 10.27 70 300 98 2 27 %*
CU/ACF-10 10.43 60 310 102 2, w’
£ 1 ®:
plating time. It clearly indicated that the increase of the sur- g ] C
face basicity as compared to the as-received was likely dut }'5‘ ‘h.'.__
. . . . . . . ! 0+ e e L R
to the increase in the basic species via the introduction o

copper metal on ACFs. T L
10 100

3.2. Nitrogen adsorption Mean pore diameter (A)

Very little previous work has been reported to demonstrateFig. 2. Pore size distribution of various samples.
how electroless copper plating affects the pore structure o
ACFs. An understanding of the specific surface area and
porosity of an adsorbent can be achieved by the constructioelectroless copper plating causes changes mainly in the pop-
of an adsorption isotherm. The results of nitrogen adsorptiorulation of mesopores. The carbons as-received have a little
isotherms of the ACFs deposited with and without coppermesopore larger than Z) whereas electroless Cu-plated
metal are shown in Fig. 1. As a result, all of the samples hadACFs have not. The disappearance of mesopores is probably
approximately the Type | isotherms having well-developed due to an alteration of the carbon surface by means of the
micropores according to the BET’s classification [17]. It is introduction of copper and the formation of copper oxides
well known that adsorption on microporous carbons leads tq25].
an isotherm of Type | and that the microporous solid of As mentioned in the experiment section, micropore filling
wider micropore diameter of molecular dimensions showsof vapors can be described using the Dubinin-Radushkevich
Type Ib character coming to saturation at a lower, P/P equation. Fig. 3 shows the DR-plots for theadsorption on
[22, 23]. For the electroless Cu-plated ACFs, all isothermsACFs. These plots exhibit good linear relationships in the
are almost identical and have round knees around 0.01 < Flbwer pressure range EPy/P)> 10), indicating that the
P, < 0.1 with a gradual approach to the plateau. The similarmicropore filling of N is nearly completed at this region
adsorption shape suggests uniform in the pore structure [24][23].

The distribution of pore sizes calculated from BJH model The structural parameters and net heat of adsorption calcu-
is presented in Fig. 2. The analysis of the data indicates thatated from nitrogen adsorption isotherms are listed in Table
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Fig. 1. Nitrogen adsorption isotherms at 77K for the ACFs stud- v
ied. Fig. 3. DR-plots for the nitrogen adsorption on ACFs.
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Table 2. Structural parameters of the ACFs studied and net hee
of adsorption
6.5 R=0.995
SBET Vmic L NHA
Nomenclature 1201 [emlg]  [A]  [kd/mol] 2 .
as-received 1,334 0.54 14.4 4.20 ?«_,‘3/ ¥
Cu/ACF-2 1,213 0.49 13.0 4,51 % 6.0+
Cu/ACF-5 1,110 0.45 13.5 4.44 et p
Cu/ACF-10 1,056 0.43 13.8 4.30 %
g 5.5 "
2. The introduction of copper metal on ACFs influences the <
decrease in surface areas and micropore volumes of the sar
ples as shown in Figs. 1 and 2. As expected, it is noted tha
the micropore volume and specific surface area are linearly 30 20 i 1o " s " .6

proportional to each other such that the specific surface are
decreases with decreasing micropore volume [26, 27]. How- NHA (kJ/mol)

ever, it is revealed that the lowest micropore diaméfeis( Fig. 4. Dependence of NHA on the micropore diameter.
obtained for Cu/ACF-2 and the highest for the as-received.
Electroless copper plating may block the mesopores of the

as-received. Additional plating process may also cause the

additional blocking of these blocked mesopores, resulting in 0 e, .

decreasing the population on micropores [28]. . ’*:3_:__ i
Meanwhile, the net heat of adsorption is the highest for 1 \‘&fﬁ‘:-(:%:,‘.

Cu/ACF-2, even though the specific surface area of Cu/ g“ T

ACF-2 is lower than that of the as-received. It is accepted <

that average size of micropores is related to the net heat c ; 2

adsorption determined from BET constant [29-31]. The BET ?

“C” values are obtained in the range of relative pressure l o asreceived

between 0.01 and 0.1. As expected, the net heat of adsory 34 -~~~ CWACF-2

. A B . A CWACF-5

tion increased as the average size of micropores decrease | |~ cuacr0 “

Dependence of NHA on the micropore diameter is plotted in

Fig. 4. The correlation is clearly seen with the coefficient of 4-— . T . T . T .

regression (R) is equal to 0.995. This behavior is due to the 0 S0 100 150 200

overlapping of the adsorption potentials from the walls of Time (min)

the micropores [5, 29-31]. Fig. 5. Variation of Cr(lll) concentration as a function of time

on ACFs (V: initial concentration of Cr(lll), V: amoun
3.3. Adsorption of Cr(Ill) and (VI) adsorbed in a designed time).

The results of adsorption rates of Cr(lll) ions from aque-
ous solutions of chromium chloride in the concentration of
50 mg/l on the samples are shown in Fig. 5. The final pHelectrostatic attractive interactions between the carbon sur-
values of the solution are less than 4.5 in this experiment. Iface and the chromium ions present in the solution are
was seen that the concentration of Cr(lll) adsorbed on theenhanced. These results indicate the chemical nature of the
as-received was much less than those on the Cu-plated samadsorbent has more influence than the surface area and
ples, although the specific surface area of the as-received iporosity of the adsorbents [7, 33].
higher than those of the plated with Cu. Also, the results of adsorption rates of Cr(VI) ions from
Cr(lll) ions in aqueous solutions exist as [CIO%]>". aqueous solutions of sodium chromate in the concentration
These associated water molecules around the Cr(lll) ions aref 53 mg/l on the samples are shown in Fig. 6. It is shown
exchanged with the hydroxyl ions, the number exchangedhat the adsorption behaviors of Cr(VI) are greatly different
depending upon the pH of the solution [32]. Thus, a changefrom those of Cr(lll) under similar conditions. The adsorp-
in pH of the solution will change the extent of the positive tion capacity of the samples as-received is inferior to that of
charge on the chromic ion. These changes in the negativéhe electroless Cu-plated ACFs in the Cr(Ill) ion adsorption.
charge on the carbon surface as a result of electroless plating/hereas, the former is superior to the latter in the adsorption
and the changes in the positive charge on the Cr(lll) ions incase of Cr(VI) ions. This difference may be attributed to the
solution favor the adsorption of Cr(lll) ions because the fact that Cr(VI) has a state of HGfQor CrO/* in the pH
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Fig. 6. Variation of Cr(VI) concentration as a function of time e Cr(i) |
on ACFs (V. initial concentration of Cr(VI), V: amotn
adsorbed in a designed time). ~ 151 ¢ .
:
range 2-6 in the aqueous solution [32]. The electroless Cu "o 19
plated samples have more the non-acidic or basic surfac 3 -
oxygen complex than the samples as-received. Thus, there ;7» Ve SR
. . i : 5 ) T -
little or no existence of some positively charged sites where -
negatively charged Cr(VI) ions can be adsorbed, resulting in 1 ¢ b
decreasing the adsorption of Cr(VI) ions. 0 ®)
. . eived CwACF2 CwACFS CwACF-10
3.4. Chromium adsorption rate 30 it
The adsorption rate of adsorbates can be expresdéd as e
K, andKj; constants as shown in Fig. 7, which are calculated ] ‘ f+——C;0(VH)D ‘
from the slope of the best fit line of the amount adsorbed as b
a function of adsorption time according to the following 20
equation [34]: T; ¢ P
IN[(Vi-V)M] = Kot + C ® E o
o
Xv 104 /
MM ot —A T R
0+ i e
K, 0. J ©
-2_ T T M T T
= asreceived Cuw/ACF-2  CwACF-5 Cw/ACF-10
g\ 44 Fig. 8. Variation ofK;, K, andK3 adsorption rate constant§ o
;_ the ACFs studied for Cr(lll) and (VI).
S o
] K, wherekK, is rate constant,time in min, andC Y-intercept.
¢ — Fig. 8 shows the variation &f;, K, andK; constants of
| ) adsorption for Cr(lll) and (V1) derived from Figs. 5 and 6.
] As expected, the electroless copper plating leaded to an
10— - T . . ’ T . increase inK; constant for Cr(lll) adsorption, or to a
0 50 ‘ 100. 150 200 decrease for Cr(VI) as compared with the as-received. It was
Time (min) noted that for Cr(lll) adsorption on the treated AGf&s;on-

Fig. 7. Determination of adsorption rate constants for Cr(lll) stant increased as the plating time increases, WhigndKs;
and Cr(VI). decrease. The behavior ¥f constant was in agreement with
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400 was then concluded that the adsorption of chromium ions
was essentially dependent on surface properties, rather than
by the surface area and porosity of the solid in the context of

350+ adsorption amount and rate measurements.
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