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a b s t r a c t

Modified 13X zeolites and active carbons were studied for HCl adsorption from biogas

employed as fuel of MCFCs. 13X zeolite was modified by addition of Cu or Zn by ion

exchange or impregnation: commercial active carbon was modified by impregnation with

KOH, NaOH or Na2CO3 solutions. The materials were tested for HCl adsorption in a labo-

ratory apparatus designed to the scope. The tests were carried out under flow conditions

with a 100 ppm HCl/N2 mixture at T ¼ 40 �C and atmospheric pressure. Breakthrough

curves were obtained from potentiometric analysis of HCl in the stream effluent from the

adsorption cell. The zeolites modified by ion exchange were more effective for HCl

adsorption than those modified by impregnation. The active carbon modified with Na2CO3

solution showed the highest adsorption capacity of 3.3 � 10�4 mol HCl g�1 at breakthrough

concentration of 1 ppm.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction feeding MCFCs is mainly addressed to the elimination of
Molten carbonate fuel cells (MCFCs) are gaining great

interest for power production due to their high efficiency and

the possibility of using biomass derived fuels, with obvious

environmental advantages. Since MCFCs work at high

temperatures (600e700 �C), catalysts based on Ni instead of

noble metals can be used at the electrodes [1,2]. Although

MCFCs appear more attractive than other fuel cells due to

relatively low costs, some problems still have to be solved.

Those issues are named: degradation and short lifetime of

cells due to some poisonous compounds contained in the

raw biogas feed [3,4]. Therefore, a clean-up step is necessary

by adsorption on suitable materials that must guarantee low

residual concentration, high selectivity and easy regener-

ability [5]. The research activity on purification of biogas for
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sulphur compounds, that can poison Ni catalysts. Several

materials have been studied for this purpose, among which

zeolites and active carbons appear the most promising [5,6].

Zeolites show some advantages as adsorbent materials

having a high adsorption capacity and selectivity, moreover

they are more stable at high temperatures than other

materials such as active carbons. However active carbons

are widely proposed due to the high surface area and

porosity [7]. Adsorption properties of zeolites and active

carbon can be properly modified by treatments aimed to

introduce specific adsorption functions [8]. It was found that

the addition of metal ions or metal oxides increases the

adsorption capacity of zeolites: Cu and Zn are largely

proposed in literature and can be easily introduced in the

zeolite structure [9,10]. On the other hand, the adsorption
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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properties of active carbon can be improved by treatments

with basic solutions [7,11].

While the issue of sulphur content in biogas has been

studied in several works, no attention has been paid to the

presence of acid contaminants, such as HCl and HF, that can

impair the performances of MCFCs [3,4]. In particular, HCl is

often present in biogas coming from landfill or biomass

burned gases in amount varying from few tens to

1500e2000 ppm depending on the composition of the burned

material [12e14] and, in smaller content, in biogas produced

from sewage sludge and organic waste [15,16]. Hydrated lime

or limestone are used for removal of HCl from biomass burned

gases or incinerator flue gases [17,18]. However, this method,

due to low conversion efficiencies, does not allow to achieve

the high purification levels required for MCFC applications

[19]. The MCFCs tolerance limit for HCl is <1 ppm [3] so an

adequate cleaning process is required to obtain the purifica-

tion of the feed.

In this work, Cu and Zn modified 13X zeolites and active

carbons treated with alkaline solutions are studied for HCl

removal from biogases. Similar materials gave promising

results for the adsorption of sulphur compounds [6,20], so it

is expected that they could be effective also for HCl removal.

The use of these materials would allow the elimination of

sulphur and acid contaminants from raw biogases in

a single-step process, with obvious advantages for the

economics and simplicity of the process. Active carbons and

zeolites also remove HCl in fume hood systems [21]. The

materials were obtained by ion exchange and impregnation

methods: 13X zeolite was exchanged with Cu2þ or Zn2þ ions

and impregnated with precursor salts of CuO or ZnO; the

active carbon was impregnated with alkaline solutions of

NaOH, KOH or Na2CO3. These materials were tested in

a properly made laboratory plant under diluted flow

conditions.
2. Experimental

Commercial 13X zeolite (Si/Al ratio ¼ 1.5, spherical,

d ¼ 1.6 mm) was supplied by Union Carbide; active carbon

(RGM3) by Norit� (cylindrical, d ¼ 3 mm, l ¼ 7 mm).
2.1. Modified zeolites preparation

Modified zeolites were prepared by ion exchange or impreg-

nation methods.

The ion exchange was performed by treating 3 g zeolite

with 250 mL of 0.1 M solution of Cu(NO3)2$2.5H2O or

Zn(NO3)2$6H2O under stirring at 80 �C for 2 h. Afterwards the

samplewas separated from the solution and dried at 120 �C for

2 h, then thermally treated in air flow at 250 �C for 2 h.

The impregnation of the zeolite was carried out under

vacuum conditions obtained with a Venturi tube to enhance

the penetration of the solution into the material pores. The

sample (3 g) was impregnated to incipient wetness with 3 mL

of 0.1 M solution of Cu(NO3)2$2.5H2O or Zn(NO3)2$6H2O at 40 �C
under stirring conditions. The sample was dried at 120 �C for

2 h and thermally treated in air flow at 250 �C for 2 h. The
thermal treatment leads to the decomposition of the nitrates

and the formation of zinc or copper oxide, as follows:

Zn(NO3)2 / ZnO þ 2NO2 þ ½O2
Cu(NO3)2 / CuO þ 2NO2 þ ½O2

2.2. Modified active carbons preparation

Active carbons (AC) were modified by impregnation under

vacuum as suggested by previous papers regarding biogas

purification [22,23]. The sample (3 g) was impregnated with

3mL of 10%w/w alkaline solutions of NaOH, KOH or Na2CO3 at

40 �C and under stirring conditions. The sample was dried at

120 �C for 2 h and treated in air flow at 250 �C for 2 h.

The materials were characterised by scanning electron

microscopy (SEM) coupled with energy dispersive spectros-

copy (EDS) for the elemental analysis using a Philips XL 30

apparatus. Surface areameasurements were carried out by N2

adsorption at �196 �C using a Micromeritics ASAP 2020

instrument. The samples were pretreated at 250 �C under

vacuum for 2 h.

2.3. Apparatus for HCl adsorption tests

HCl adsorption tests were carried out in a new experimental

apparatus designed for the purpose (Fig. 1). The apparatus

operates under flow conditions and at atmospheric pressure.

It consists of three main sections: the feeding system, the

adsorption cell containing the material under test and the

analysis system. The gaseous feed containing 100 ppm HCl

was obtained by bubbling pure N2 (100 cm3 min�1) through

a 22% w/w HCl/H2O solution at constant temperature of 0 �C.
Water vapourwas removed from the gaseous stream by a P2O5

trap (Sicapent, Merck). The saturation of the gaseous mixture

was ascertained by titration after HCl dissolution in a Na2CO3

solution. The adsorption cell containing the material under

test (200 mg) consisted in a U glass tube (i.d. ¼ 0.4 cm) main-

tained at 40 �C by a water bath equipped with a PID controller.

The samples were treated at 250 �C for 2 h in air flow

(100 cm3 min�1) before the tests. HCl effluent from the

adsorption cell was analysed using an original procedure

based on potentiometric measurement. The stream effluent

from the cell was bubbled through a test tube containing

distilled water (40 cm3) in which HCl dissolved. The test tube

was properly designed to guarantee the complete HCl disso-

lution in the water. Preliminary tests with different amounts

of water and depth of the bubbling point allowed to optimise

the operating conditions: the complete HCl dissolution was

ascertained by analysing the outlet gas. A pH probe HI1131B

connected to a Hanna HI3220 pH meter was immersed in the

solution. The pH value measured at a given time allowed to

determine the amount of HCl dissolved in water until that

time, that corresponds to the amount not adsorbed by the

material: from these data, by a derivative procedure, the HCl

concentration in the effluent from the cell was obtained as

a function of time. In this way the breakthrough curve was

obtained. Preliminary blank tests with the cell filled with an
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Fig. 1 e Experimental apparatus for tests of HCl adsorption.

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 4 4 7e4 5 2 449
inert material were carried out to check the accuracy of the

method. The accuracy in HCl concentration in the gaseous

phase was within �5e10%, the highest error occurring at pH

values close to neutrality. The sensitivity was as low as

a fraction of 1 ppm HCl in the gaseous phase.
3. Results and discussion

The metal content and surface area of the modified zeolites

and active carbons are reported in Table 1. It can be observed

that 13X zeolites modified by ion exchange show higher metal

contents compared to those modified by impregnation. This

can be related to the large excess of solution employed in the

exchangemethod. Themetal content of exchanged samples is

close to the amount corresponding to total exchange

(5.8 meq g�1). It must be noted that besides Naþ other cations

are exchanged (such as Kþ, Ca2þ and Mg2þ). Ion exchange, but

not impregnation, causes a decrease of surface area, that

however is still high. Such a reduction of surface area gener-

ally occurs when zeolites are modified with metal ions and is

probably due to the formation of clusters of metal oxides that

partially occlude micropores [24].

The modification of active carbon by the impregnation

method causes negligible variation of surface area for the

samples ACeNaOH and ACeNa2CO3 while an increase of

surface area is observed for the sample ACeKOH. These

results agree with previous data reported for similar modified

ACs [22,23] and can be due to two opposite effects. The
Table 1 e Composition and surface area of the 13X zeolites mo

Sample Preparation
method

Metal c

Cu2þ Zn2þ

13X e e e

13X-Ex-Cu Ion exchange 4.66 e

13X-Ex-Zn Ion exchange e 5.46

13X-Im-Cu Impregnation 1.80 e

13X-Im-Zn Impregnation e 0.50
chemical action of a strong base such as KOH and NaOH can

lead to a textural modification of the active carbon causing an

increase of surface area: on the other hand the presence of

this additive can lead to the occlusion of some pores of the

carbon causing a decrease of surface area. Probably the first

effect prevails in the sample ACeKOH, that contains a lower

amount of the additive, while the two effects balance in the

other samples due to the higher content of the basic additive.

Breakthrough curves of the zeolitic samples are reported in

Fig. 2.

The shapes of the breakthrough curves of the materials

appear quite different from each other. This suggests different

kinetics of HCl adsorption. Nevertheless, a detailed analysis of

adsorption kinetics lies outside the aim of this work. The

curve of not modified 13X (Fig. 2), after a very short delay time

in which HCl concentration is below the detection limit

(w0.1 ppm), shows a steady increase of HCl concentration

with time up to about 120 min, then the slope reduces.

The breakthrough curves of Cumodified zeolites, 13X-Ex-Cu

and 13X-Im-Cu, are quite similar, showing a delay time of

about 40 min, after which HCl concentration increases

steadily.

As regards the zeolites modified with Zn, a noticeable

difference can be observed between the samples prepared by

impregnation and by ion exchange. The former gives

a breakthrough curve with a delay of about 40 min before the

appearance of HCl, after which HCl concentration increases

rapidly to values higher than 10 ppm. The latter shows amuch

longer delay of about 110 min before HCl detection, then HCl
dified.

ontent (mmoleq g�1) Surface
area (m2 g�1)

Naþ Others (Kþ, Ca2þ, Mg2þ)

3.65 1.92 582

0.22 1.48 370

0.16 1.10 356

3.44 1.90 575

3.60 1.89 585
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Table 2 e Composition and surface area of the active
carbons (AC) modified.

Sample Preparation
method

Active phase
(mmoleq g�1)

Surface
area (m2 g�1)

AC e e 1110

ACeNaOH Impregnation NaOH 7.98 1039

ACeKOH Impregnation KOH 2.60 1322

ACeNa2CO3 Impregnation Na2CO3 5.01 1106

Fig. 2 e Breakthrough curves of modified 13X zeolites.

Table 3 e Breakthrough times at 1 ppm for 13X zeolites
and active carbons (AC) modified.

Sample Time @ 1 ppm
(min)

Adsorbed HCl
(mmol g�1)

13X 28 0.06

13X-Im-Cu 54 0.11

13X-Im-Zn 46 0.10

13X-Ex-Cu 56 0.12

13X-Ex-Zn 110 0.23

AC 47 0.10

ACeNaOH 23 0.05

ACeKOH 85 0.18

ACeNa2CO3 158 0.33
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concentration increases steadily and approaches the values of

the other samples at the end of the test.

The shape of the curves suggests that the rate of adsorp-

tion is gradually reduced with time: this behaviour is probably

related to diffusive resistance in the narrow pores of the

zeolite (dz 8�A). Obviously this resistance increases with time

due the increase of the amount of adsorbate in the pores.

At the end of the test, the zeolitic samples are not yet

saturated with HCl. For the not modified zeolite it is assumed

that HCl is chemisorbed according to Eq. (1)

HCl þ NaZ / HZ þ NaCl (1)

where only Naþ cation is considered for simplicity, but other

ones, such as Kþ, Ca2þ, Mg2þ, can also be involved. On the

basis of this assumption, the amount of HCl corresponding to

saturation must equal the equivalent ion content of the

zeolite, that is about 5.6 mmoleq g�1. A similar value can be

assumed for exchanged zeolites, where Naþ is substituted by

equivalent amount of Cu2þ or Zn2þ, while for the impregnated

zeolites a higher value is expected due to the presence of the

basic oxides CuO or ZnO. The total amount of HCl adsorbed

during the tests varies between the minimum of

0.65 mmol g�1 for 13X-Im-Zn and the maximum of

0.70 mmol g�1 for 13X-Ex-Zn: therefore the HCl uptake is

always far below the expected saturation value. However, for

the purpose of employing these materials for biogas purifica-

tion, more interesting than the adsorption capacity is the

ability of the materials to maintain a low residual HCl

concentration for a long time. To evaluate the performances

of thematerials in view of a practical application, we consider

that the HCl tolerance limit for MCFCs is about 1 ppm. For this

reason, the breakthrough times at 1 ppm and the corre-

sponding amounts of adsorbed HCl are reported in Table 3 for

each material.

These data show that the performance of modified zeolites

is mainly related to the metal content. As said in the Intro-

duction, the choice of Cu/Zn modified zeolites was not sug-

gested by the adsorption properties towards HCl, but by the

aim of using the same materials proposed for elimination of

sulphur compounds [25,26]. In the case of impregnated
samples the metallic elements are present as the oxides CuO

or ZnO [24]. The presence of these basic oxides can explain the

higher HCl uptake compared to the not modified zeolite,

considering also that there is no reduction of the surface area

in the impregnated zeolites.

In the case of the exchanged zeolites, it is expected that the

addition of Cu2þ or Zn2þ ions replacing Naþ increases the

acidity of the zeolite: this factor should not facilitate HCl

adsorption. Moreover, this preparation method leads to

a reduction of the surface area. In spite of these two negative

factors, the exchanged samples give higher performances in

terms of breakthrough time compared to the untreated

zeolite, especially the 13X-Ex-Zn sample, that adsorbs about

four times the amount adsorbed by the sample 13X at break-

through conc. of 1 ppm. These results can be explained

considering the high exchange degree obtained with Cu2þ or

Zn2þ ions: the substitution of Naþ with a divalent cation leads

to halving the number of cations, thus leavingmore free space

in the zeolitic cages; moreover it increases the polarity of the

material. These factors favour the adsorption of polar mole-

cules, such as HCl. This effect is larger in the zeolite

exchanged with Zn compared to that exchanged with Cu due

to the higher degree of exchange of Naþ and other ions present

in the starting zeolite (Table 2): this explains the better

performances of 13X-Ex-Zn, in terms of both delay time and

breakthrough time for HCl concentration of 1 ppm.

The breakthrough curves of active carbons are reported

in Fig. 3.

The curve of not modified AC shows a delay time of about

30 min, after which the HCl concentration rapidly increases

with time. The sample ACeNaOH gives a worse performance,

with a shorter delay of 20 min and a more rapid increase of

HCl concentration. On the other hand ACeKOH shows better

http://dx.doi.org/10.1016/j.ijhydene.2012.09.102
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Fig. 3 e Breakthrough curves of modified active carbons.
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performances compared to AC, with a longer delay time of

about 90 min followed by a slower rise of HCl concentration.

The best performances are exhibited by ACeNa2CO3 that

gives a much longer delay time (z250 min) and a slow rise of

HCl concentration. Similarly to zeolites, it can be supposed

that the rate of HCl adsorption decreases with time because it

is affected by diffusive resistances that increase with the HCl

uptake in the pores of the materials. Appreciable diffusive

resistances are expected considering the texture of ACs with

micropores of sizez15�A [27]. It is not easy to know the nature

of the interaction of HCl with ACs: it can be of acidebase type

involving basic sites that are generally present in these

materials [28] and/or a dipoleedipole attraction with, for

example, phenolic or chinonic groups. It is expected that the

presence of an alkaline additive in the modified ACs, greatly

enhances HCl adsorption. Although the adsorption capacity

of HCl cannot be easily forecasted, it can be supposed, from

observation of the breakthrough curves in Fig. 3, that the

amount of HCl adsorbed is always much lower than the

maximum capacity. Also for these materials, in view of

practical applications, it is important to consider, more than

the adsorption capacity, the ability of the materials to guar-

antee a low HCl concentration for a long time. For this reason

the performances of the ACs can be evaluated considering the

breakthrough times at HCl concentration of 1 ppm, reported

in Table 3. These data confirm that the impregnation of ACs

with KOH and Na2CO3 improves the HCl adsorption proper-

ties. This can be related to the increase of the amount of basic

sites. The sample ACeNa2CO3 gives the longest breakthrough

time at 1 ppm, that corresponds to an amount of adsorbed

HCl about twice that adsorbed by the sample ACeKOH,

probably due to the higher concentration of basic sites, as

expected from the amounts of active phase (Table 2). On the

other hand the sample ACeNaOH, that has the highest

content of alkaline compound (Table 2), shows a very low HCl

uptake, even lower than that of the not modified AC. This

unexpected behaviour could be related to an excessive

content of Na that leads to an occlusion of the micropores as

suggested by the reduction of surface area (Table 2), and thus

strongly reduces the amount of HCl adsorbed at breakthrough

concentration of 1 ppm.
4. Conclusions

Modified 13X zeolites and active carbons have been studied for

removal of HCl from diluted gaseous streams. For this

purpose, a new experimental apparatus has been designed,

that allows to obtain the HCl breakthrough curves with

sensitivity as low as a fraction of 1 ppm.

The results have shown improved performances of modi-

fied 13X zeolites compared to the untreated zeolite: the best

results have been obtained with the zeolite ion exchanged

with Zn2þ, that gives a breakthrough time of 110 min at 1 ppm

compared to a breakthrough time of 28 min of the not treated

zeolite. Among the modified active carbons, the best perfor-

mance has been exhibited by the Na2CO3 impregnated

sample, with a breakthrough time of 158 min at 1 ppm

compared to a breakthrough time of 47min for the not treated

active carbon. It is found that a high NaOH content worsens

the performance of AC probably due to pores occlusion.

HCl adsorption data on both types of modified materials

appear encouraging in view of a practical application for

biogas purification. Future work will regard the study HCl

adsorption in the presence of water vapour and other

contaminants poisonous for MCFCs, such as sulphur

compounds, that are present in the biogas.
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