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Abstract

This paper discusses the increasing use of activated carbons to remove wastewater contaminants
and their contribution to producing wastes abundant in heavy metals. Considering their threat to
the environment and their possible recovery, research on the regeneration of spent carbon sorbents
and catalysts is advisable. It has also been shown that it is possible to recover activated carbon
from spent catalyst (CCspent) generated by vinyl acetate synthesis by using supercritical extraction
with carbon dioxide or by leaching with hydrochloric acid or a solution of nitric acid assisted by
microwave energy. Activated carbon recovered in this work had a high sorption for zinc ions that
was comparable to that of fresh commercial activated carbon.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Sorption of metal ions from aqueous solutions on activated carbons has been studied by
numerous researchers[1–5]. Its popularity as a treatment process results from the usefulness
of the process in treating both waters and wastes coming from different industries. Moreover,
both the removal of metal ions as impurities and the recovery of valuable metals from
wastes produced by, for example, electrochemical or hydrometallurgical industries, are of
importance[6–8].

The investigations on the sorption of metals from aqueous solutions on activated carbons
cited here deal in principle with fresh sorbents which, after being found useful in the
treatment process and being used, become wastes. In practice, there are no data on further
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treatment of wastes of this kind. Papers on processes of regenerating spent carbon sorbents
and on their reuse are not numerous. Meanwhile, considering a wide and increasing use
of carbon sorbents and catalysts containing metals and metal compounds on their surface
[9–12], the amounts of wastes produced are considerable and will grow. It is then necessary
for researchers to consider not only the uses of carbon sorbents and catalysts, but also their
management as wastes. It is to be noted that the content of metals in such wastes may be as
high as 30 wt.%[12].

The methods of regenerating activated carbons include thermal and chemical, electro-
chemical, catalytic and biological processes[13,14]. However, in the case of regeneration
of spent carbon sorbents and catalysts, only chemical methods are to be considered. This
limitation results from the fact that both the sorption of metals from aqueous solutions on
activated carbons and the impregnation of carbons with metal compounds, when catalysts
are obtained, are chemical processes. Therefore, thermal regeneration is of no practical use
in the removal of metals from spent carbon whereas such methods as electrochemical and
biological processes are basically have no commercial application.

Chemical methods of regenerating spent carbon sorbents and catalysts consist mainly
of removing of metals and their compounds bounded on the surface of the carbon via
extraction with organic and inorganic solvents[15–19] as well as with supercritical sol-
vents[20–27]. In extraction wastes are treated with properly selected solvents of defined
volume. To increase the efficiency of the removal of metals from the surface of these
porous substances, it is necessary to use considerable volumes of solvents in the extrac-
tion process resulting in obtaining aqueous solutions of metals that are dangerous wastes
themselves.

In the case of extraction with solvents in the supercritical phase, the most popular ex-
traction solvents are: carbon dioxide and CHF3, C5H12, C4H10, CH3OH, H2O, N2O, NH3,
CO2 [20–27]. However, the foregoing are of no use as far as the removal of metals from
spent carbon sorbents and catalysts is concerned. Crown ethers, perfluoro macrocycles
and porphyrines can be used as modifiers of carbon dioxide in the supercritical phase[26].
Along with metals, they form complexes soluble in carbon dioxide in the supercritical phase
and make metal removal from the carbon surface possible. Unfortunately, these extraction
solvents are still very expensive.

Despite all these shortcomings, currently available methods of regeneration contribute to
removing metals and their compounds from the surface of spent activated carbons and to
regenerating the carbon[16,19,27]. In view of the fact that these carbons can be reused, in-
vestigations of chemical methods of regeneration should be carried out and their operational
shortcomings eliminated as well as lowering costs.

The work described here was performed to assess the sorption of zinc ions from aqueous
solutions on activated carbons recovered from spent catalysts (CCspent) used in vinyl acetate
synthesis. The fresh catalyst used in vinyl acetate product contains even up to 35 wt.% of zinc
acetate on the surface of activated carbon[28]. After its use, the catalyst becomes a waste
that contains approximately 26 wt.% of zinc occurring in an acetate, oxide or a metallic
form as well as organic compounds which are by-products of vinyl acetate synthesis[29].
The catalyst is composed of granular activated carbon of high mechanical resistance and
porosity. Spent catalysts are, on the one hand, dangerous wastes, but, on the other hand,
they are valuable secondary materials.
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Based on literature reports[16,18,24,29,30–34], the following methods of recovering
activated carbon from spent catalysts of vinyl acetate synthesis were chosen.

• Extraction with organic solvents with a view to removing organic substances deposited on
the surface followed by leaching zinc and its compounds with a solution of hydrochloric
acid.

• Extraction with carbon dioxide in the supercritical phase with a view to removing organic
substances followed, as above, by leaching zinc and its compounds with a solution of
hydrochloric acid.

• Leaching with water and solutions of HCl and HNO3 assisted by microwave energy
(frequency 2450 MHz); this method has not yet been used with spent carbon catalysts,
but it is proposed here to combine the decomposition of organic impurities with the
transfer of the metals to a solution using a single process.

The use of the currently available methods to remove both organic impurities and a metal
from the surface of spent vinyl acetate catalysts resulted in the recovery of the carbon, which
was then used in the sorption of zinc ions from aqueous solutions.

2. Experimental

In the investigations, a spent vinyl acetate synthesis catalyst marked CCspentwas used.
It contained 26 wt.% of zinc acetate and organic substances which were the by-products
of synthesis. Representative samples of the dried spent catalyst and regenerated activated
carbon were obtained using the procedures recommended for solids[35]. Samples were
weighed with an accuracy of±0.001 g. The data given here are the arithmetic mean of the
values obtained for five independent trials.

2.1. Removal of zinc from the surface of spent carbon catalysts leaching

Ten grams of the CCspent and 100 cm3 of 0.1 mol/dm3 of HCl solution were put into
a 250 ml round-bottomed flask. Washing with acid was done eight times. The activated
carbon was then washed with 100 cm3 doses of boiling distilled water until the reaction
with AgNO3 to the presence of chloride ions disappeared. After washing the carbon was
dried at 373 K for 1 h. The amount of zinc removal from a spent catalyst, determined with
AAS method, is given inTable 1.

2.2. Removal of organic compounds from the surface of spent catalysts heating with
organic solvents

To remove organic compounds present on the surface of a spent catalyst (CCspent), a
three-step procedure was utilized: acetone,n-hexane and ethyl acetate were employed as
solvents for the contaminated material. The process was carried out as follows: 10 g of the
catalyst were placed in a 250 cm3 round-bottomed flask, covered with 100 cm3 of n-hexane
and heated while employing reflux condenser for 1 h. Washing with the forementioned
solvents was done four times. After filtering the solvents, the sample was dried at 343 K for
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Table 1
Amount of zinc removal from spent catalyst CCspentaccording to the procedure involved

Catalyst Zinc removal procedure Amount of zinc
removal from spent
catalyst (wt.%)

Activated
carbon
obtained

CCspent Initial heating with organic solvents then leaching with a
solution of HCl

72.3 C1

Supercritical extraction then leaching with a solution of HCl 93.7 C2

Leaching with solutions mentioned below and assisted by microwave energy
Leaching with H2O 68.3 C3
Leaching with HCl 1:1 94.2 C4
Leaching with HNO3 1:1 94.7 C5

2 h. After drying, the washing procedure was repeated using acetone as a solvent, and the
sample was dried at 333 K. In the third stage of washing, ethyl acetate was used. Finally, the
sample was dried at 353 K. After this initial treatment zinc acetate was removed according
to the above-mentioned procedure (the one with the use of HCl). The degree of zinc removal
is shown inTable 1. The activated carbon obtained was marked C1.

2.3. Supercritical extraction

A sample of 10 g of spent catalyst was treated by supercritical extraction carried out un-
der the following conditions: temperature, 333 K; pressure, 160 bar; flow of CO2, 30 dm3/h;
amount of passed CO2, 167.6 dm3; extraction time, 315 min. The extraction solvent was re-
covered from carbon dioxide in a wash system filled with acetone; temperature in a washer,
268 K.

After extraction zinc acetate was removed from the catalyst using the above-mentioned
procedure (the one with the use of HCl). The degree of zinc removal from a catalyst is given
in Table 1. The activated carbon obtained was marked C2.

2.4. Leaching assisted by microwave energy

A 1 g sample of a spent catalyst was placed in 25 cm3 of distilled water, HCl 1:1, HNO3
1:1 (v/v) and was exposed to microwaves. The procedure was carried out in a UniClever
mineralizer (2450 MHz) under conditions designed to avoid the decomposition of the carbon
matrix. A two-step treatment procedure was used: (1) the first stage 60% of generator power
for 5 min and (2) the second stage 80% of generator power for 5 min. Leaching was done
three times under the conditions mentioned above using a new sample of leaching solution
each time. The activated carbons were marked C3 (obtained from the sample placed in
distilled water), C4 (obtained from the sample placed in HCl), C5 (obtained from the
sample placed in HNO3). The degree of zinc removal from a catalyst is given inTable 1.

2.5. Isotherms of sorption and porous structure

The low-temperature adsorption of nitrogen (77 K) was tested using activated carbon
(C2) and commercial carbon (CDex produced by GRYFSKAD at Hajnówka, Poland).
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Fig. 1. Isotherm of sorption and desorption of N2 at 77 K for carbon CDex.

Adsorption and desorption isotherms were determined using a Sorptomatic 1900 apparatus.
The isotherms are shown inFigs. 1 and 2.

The specific surface area (S) and the total volume of pores (VT) of the tested activated
carbons were determined using a simplified BET method described in the paper by Czarny
et al.[36]. The results of the analyses are shown inTable 2.

Table 2
Characteristics of activated carbons

Sample ID Ash content (wt.%) Specific surface area (m2/g) Total pores volume (cm3/g)

CCspent 18.9 56 –
C1 13.8 540 0.45
C2 8.6 986 0.72
C3 14.4 450 0.62
C4 11.8 920 0.60
C5 13.9 880 0.60
CDex (fresh) 12.5 1024 0.68
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Fig. 2. Isotherm of sorption and desorption of N2 at 77 K for carbon C2.

2.6. Ash content

The samples of spent catalyst and activated carbons weighing approximately 1 g each
were incinerated at 1123 K to determine the ash content by the difference between the feed
and ash. The results are shown inTable 2.

2.7. Sorption of zinc ions from aqueous solutions on recovered activated carbons

Recovered activated carbons marked C1, C2, C3, C4, C5 and, for comparison, commercial
activated carbon CDex were used in an adsorption test.

Zinc adsorption isotherm were determined using zinc solutions containing 2; 4; 6; 8;
10; 12; 15; 20 mmol/dm3 (pH 4–6). In this determination, the time necessary to achieve
adsorption equilibrium was determined using a solution of 10 mmol/dm3 zinc ions and
activated carbon C1. The process of sorption was carried out according to the procedure
noted below, and the quantity of sorption was assessed after 0.5; 1.0; 3.0; 5.0 and 12 h. The
results are given inTable 4.

A 1 g sample of activated carbon was put in a 250 ml round-bottomed flasks and flooded
with 100 ml of solutions of zinc ions of increasing concentration. KCl in the amount of
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Fig. 3. Comparison of sorption of Zn+2 ions from aqueous solutions on activated carbons obtained and commercial
activated carbon CDex according to concentration of solution.

0.2 g was added to each sample. The flask was shaken for 3 h after which the solution was
decanted and left for 24 h. Then, 5 ml of a clear layer of the solution was analyzed for zinc.
The quantitative determination of zinc ions in solutions after sorption (for each carbon) was
performed using an AAS. The results are given inFig. 3.

3. Discussion

As shown inTable 1using the methods described here, we were able to remove from 68.3
to 94.7% of zinc present in a catalyst. With classical leaching employing a solution of HCl,
72.3% of the zinc was removed in 20 h, whereas for supercritical extraction and leaching
with HCl, 93.7% of the zinc was removed in 7 h. The reduction of the leaching time with
a solution of hydrochloric acid after supercritical extraction with carbon dioxide has been
reported in the previous papers by this author[29,37], because along with organic substances
a considerable quantity of zinc is removed in the supercritical extraction process. It can
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be concluded that when organic impurities are removed from the surface by supercritical
carbon dioxide this removal contributes also to removing metal. However, the nature of this
phenomenon has not yet been explained.

Leaching is another method of removing organic impurities and a metal from the surface
of a spent catalyst. This process was performed in a pressure vessel with the use of microwave
energy. Under such conditions, there are three factors affecting a sample: (1) acidity, (2)
boiling temperature of a solution and (3) high pressure. In the process a different degree of
zinc removal was obtained depending on the leaching agent involved. The lowest removal
(68.3%) was obtained using distilled water in the process, whereas with the use of a solution
of hydrochloric acid or nitric acid (V) the zinc removal was approximately 94%. Using
200 cm3 of solution for 10 g of a sample, the treatment took about 45 min. The shortening
of the process and the possibility of using a smaller volume of leaching solution were
obtained thanks because the leaching and the decomposition of organic matrix took place
at the same time. Assistance in removal was also due to the effective use of energy. The
result is the reduction in cost of leaching. In addition, a higher concentration of the metal
occurs in the solution after leaching, making its separation easier.

The characteristics of the recovered activated carbons are shown inTable 2. The data
indicate that in the process of removing the rest of active phase from the spent catalyst, with
the use of proposed methods, organic substances and part of ash are also removed. This
result is evidenced by the high specific surface of the carbons and the volume of the pores.

Carbon C2 which was recovered from the spent catalyst in the process of supercriti-
cal extraction as well as leaching with hydrochloric acid has the highest specific surface
(986 m2/g) and the lowest content of ash (8.9 wt.%). This result confirms the high efficiency
of supercritical extraction in removing organic impurities from the carbon matrix as well
as the possibility of removing metal and ash both during extraction and leaching with HCl.

The ash loss in the treated samples in comparison with the initial material (CCspent) has
been measured in carbons C3–C5 recovered in the leaching process assisted by microwave
energy. The mass loss of the initial sample from the leaching process depends on the solution
used (Table 3) and is higher than the ash loss. That finding means that in the leaching process
assisted by microwave energy, part of the carbon matrix is decomposed. A similar effect
was observed by Fang and Lai[38] who described microwave regeneration of activated
carbons contaminated with organic substances. The mass loss is unfavourable but still in
this regeneration method it is lower than in the thermal regeneration of activated carbons
(where 15% of mass loss was found)[39]. At the same time, activated carbons C4 and C5
had high specific surface areas and the volume of pores was comparable to carbon CDex.

Activated carbon C4 recovered in the process of leaching with HCl has a lower ash
content (11.7 wt.%) and higher specific surface (920 m2/g) than carbon C5 (ash content,

Table 3
Mass decrement of sample of spent catalyst (marked CCspent) during leaching assisted by microwave energy

Catalyst Leaching agent Conditions of before leaching Mass decrement of sample (wt.%)

CCspent H2O (1) 60% of power,−5 min 4.2
HCl 1:1 8.4
HNO3 1:1 (2) 80% of power,−5 min 5.5
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13.9 wt.% and specific surface area, 880 m2/g), which was recovered through leaching of
the spent catalyst with HNO3 solution. The smaller specific surface of carbon C5 is a result
of the strongly oxidizing surroundings that destroyed the micropores and the pores having
larger radii are created. This phenomenon leads to the lowering of the specific surface
[40]. At the same time, the number of the acidic surface functional groups on the surface
of activated carbon increases, which should be conducive to sorption of metal ions from
aqueous solutions[41].

The recovery of carbon from spent catalysts makes sense only when the carbon will be
useful in another process, e.g. for sorption of selected impurities from aqueous solutions
or waste gases. The assessment of the sorptive abilities of activated carbons is based on
sorption and desorption curves. In this connection, carbon C2, which should have been
shown good sorptive properties, was evaluated by a nitrogen sorption isotherm at 77 K. For
comparison, an isotherm was also drawn for commercial carbon CDex. The sorption and
desorption isotherms for both carbons are given inFigs. 1 and 2. They are comparable thus
showing a considerable fraction of the mesopores in the porous structure. The volume of the
mesopores isVmeso = 0.14 cm3/g for C2, andVmeso = 0.2 cm3/g for CDex. The specific
surface area is approximately 986 m2/g for C2 and 1024 m2/g for CDex. The nitrogen
sorption isotherm on C2 is indicative of good sorptive properties.

The nitrogen sorption isotherm does not fully assess the sorptive abilities of carbons
in aqueous solutions. Therefore, the nest stage concentrated on examining the sorption of
zinc ions from aqueous solutions on C1–C5 activated carbons. The evaluations were done
under static conditions. For the sake of comparison, the sorption of zinc ions on commercial
activated carbon CDex which is commonly used in water treatment was carried out. The
zinc ion isotherms were determined as a function of the duration of the adsorption process
(for activated carbon C1,Table 3andFig. 1) and of concentration (Table 4andFigs. 2
and 3). To minimize the influence of the change of solution ion strength on sorption, the
investigations were made with the constant addition of KCl. Sorption was carried out using
pH 4–6 solutions. As shown in the literature[6], this solution is optimal for the sorption of
zinc ions on activated carbon.

In the first stage of investigation, the time needed to establish adsorption equilibrium
was determined. Considering the isotherm of the sorption of zinc ions from the solution
of concentration 10 mmol/dm3 on carbon C1 (Table 4), it was found that the sorption is
maximum after 3 h. The sorption time was used for other samples.

The results of the sorption of zinc ions from solutions of different concentrations are
given inFig. 3. The sorption isotherms show that carbon C3 has the lowest sorptive capacity

Table 4
Sorption of Zn+2 ions on carbon C1 according to duration of sorption process

Sample Time of
sorption (h)

Quantity of Zn+2 ions in solution
before sorption (mmol)

Quantity of Zn+2 ions in solution
after sorption (mmol)

C1 0.5 1.0 0.58
1.0 1.0 0.47
3.0 1.0 0.43
5.0 1.0 0.42

12.0 1.0 0.42
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(0.4 mmol/g). The removal was obtained by the partially removal of both zinc compounds
and organic impurities from the surface of spent catalysts. It is unlikely that one can obtain
a good sorbent under current leaching conditions. Better sorption results (0.6 mmol/g) were
obtained for carbon C4, but much lower than for commercial carbon CDex, for which the
sorption of zinc ions under present conditions removed 1 mmol/g. Carbon C4 was obtained
by leaching a spent catalyst with a solution of hydrochloric acid assisted by microwave
energy. Like carbon C3, the current conditions do not favour the complete removal of
impurities from the surface of catalysts and the reuse of their carriers as sorbents.

The results obtained show that carbons C2 and C5 have the highest sorptive volume (0.9
and 0.95 mmol/g). It is noteworthy that in this work, the sorption on carbons C2 and C5 is
comparable to the sorption of zinc ions on fresh commercial carbon CDex.

Activated carbons C2 and C5 were recovered with the maximum removal of metals and
other organic impurities from the surface of spent catalysts. To obtain carbon C2, supercrit-
ical extraction was used to remove organic impurities. It was combined with leaching using
hydrochloric acid. The results of the sorption of zinc ions from aqueous solutions prove
that this method is very useful in removing impurities from a waste carbon surface and in
recovering carbon carriers which can be used as sorbents.

Another method that is useful in removing impurities deposited on the surface of spent
catalysts is leaching with oxidizing acid under high pressure and temperature. In the acidic
and strongly oxidizing surroundings, the removal of organic impurities and ash from the
surface of spent metal catalyst takes place. Good sorptive properties of this carbon for zinc
ions can be explained by the fact that the most of the surface becomes available again for
them. The presence of acidic oxygen groups is also beneficial. This method also seems
useful in recovering carbon carriers from spent catalysts and is worth more attention in
further investigations.

4. Conclusions

From the literature dealing with activated carbons and their properties and use in sorption
and regeneration as well as from investigations presented here, it can be concluded that:

1. a wide and still increasing use of activated carbons and their derivatives such as catalysts
containing metals and their compounds makes it necessary to strive for their safe neutral-
ization or management after use. Moreover, the recovery of both substances absorbed on
the surface of spent activated carbons and activated carbons themselves, whose sorptive
properties are intact despite their repeated treatment, should also be considered;

2. among the methods used here to recover carbon carriers from vinyl acetate synthesis
spent catalysts, supercritical extraction combined with leaching with hydrochloric acid
and leaching with nitric acid in the system assisted by the use of microwave energy was
most effective with over 90% of zinc and organic substances removal;

3. the activated carbons recovered by methods discussed in the work and marked C2 and
C5 showed a high sorptive volume for Zn+2 ions in an aqueous solution. Their sorptive
properties were comparable to those of commercial activated carbon CDex, used in water
treatment;
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4. the sorption of zinc ions from aqueous solutions under static conditions shows the use-
fulness of these methods of removing impurities from the surface of carbon waste and of
recovering activated carbon which can be used as a sorbent. Furthermore, the methods
can contribute to further investigations on sorption on carbons recovered under dynamic
conditions.
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