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This microreview presents a concise overview of the different
synthetic approaches that have been applied to activated
carbons over the years, with particular attention paid to the
most recent contributions to achieving stable covalent link-
age on their surfaces. The method of choice for covalent im-
mobilization of molecules on carbon surfaces has been the

creation of functional groups such as carboxylic acid, acyl
halide, lactone and hydroxy groups on a surface through
chemical reactions. The molecules or fragments of choice to
be introduced are then tethered or covalently anchored to
the reactive surface.

Introduction

Carbon materials today play major roles in nanosciences
(fullerenes, nanotubes), the electronic industry (diamond),
metallurgy (graphitic carbon), electrochemistry, catalysis,
adsorption, etc. The majority of these applications have
arisen thanks to the existence of superficial layers of chemi-
cally bonded elements. Surface functional groups thus gov-
ern self-organization, chemical stability and the reactivity
in adsorptive and catalytic processes.!!-?!

“Activated carbon” is the generic term used to describe
a family of carbonaceous adsorbents with highly crystalline
forms and extensively developed internal pore structures. A
wide variety of activated-carbon products, exhibiting mark-
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edly different characteristics depending upon the raw mate-
rial and activation technique used in their production, is
available. Currently, activated carbon is manufactured from
suitable precursors in two ways: chemical activation and
physical activation. Wood, coal, lignite, coconut shell and
peat are the most important raw materials for the pro-
duction of activated carbons, although other materials such
as fruit pits, synthetic polymers or petroleum processing
residues can also be used.’! The final products show dif-
ferent properties (e.g., pore structure and surface area), de-
pending on the nature of the precursor, the nature of the
activating agent and the conditions of the activation pro-
cess. These properties largely define the application of the
active carbon.

One of the most important applications of carbon-based
materials is catalysis: they can act as catalysts by themselves
or as supports. This latter application is based on the rela-
tive chemical inertness of carbon and on the ease of tailor-
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ing the porous texture of its activated form. Activated-
carbon surfaces are known to include heteroatoms such as
O, N or S in the form of functional groups either remaining
from the raw material or introduced during the activation
(by chemical or electrochemical® processes) step, which are
responsible for acid-basic character. These functions can be
removed by thermal treatmentl or modified by appropriate
reagents. Oxygenated functions, for example, can be intro-
duced by oxidation and quantified by the so-called Boehm
titration method.>®! Apart from the introduction of oxy-
genated functions, with the emergence of nanoscopic forms
of carbon, a variety of functional groups have recently been
investigated.[”! Rapid development of carbon surface chem-
istry is hindered, however, by several major drawbacks: lack
of reactivity, hydrophobicity, difficulties in spectroscopic
characterization and so forth.

These functional groups located on the surface can be
used as building blocks through which to attach metal com-
plexes or organic fragments to the support and their variety
allows the use of various immobilization procedures. In this
context the introduction of new fragments is a research area
of particular interest because it is possible to obtain materi-
als with higher degrees of selectivity, especially in the area
of catalysis where their development has been greater. These
materials are known as carbon-supported or carbon hy-
brids.

Carbonaceous materials are ideal supports in catalysis
because they are widely available, robust and resistant to
pressure, temperature and moisture, and they also usually
present very high specific surface areas.®! It is possible to
obtain supports with high surface areas over which to dis-
perse the active phase and with the required pore-size distri-
bution to facilitate the diffusion of reactants and products
to and from the active phase.l'l!' Although many types of
carbon materials have been used to prepare carbon-sup-
ported catalysts, high-surface-area activated carbon is one
of the materials of choice for most carbon-supported cata-
lysts.1

The main problems associated with heterogenisation on
solid supports are the leaching of metal complexes under
the reaction conditions and reductions in catalytic activity
relative to the homogeneous process. Because of this, robust
anchorages are required for supported complexes or other
kind of molecules if their function is to be preserved from
leaching processes. A new strategy — the development of a
system with the compound anchored to the support by a
covalent bond — has thus been developed.['”]

First step

"Primary functionalization"

=—Cl, Br, I, COOH

Here we aim to compile the findings in this important
research area,l'!! with particular attention to the most re-
cent contributions to the field. This review is organized
firstly with an account of the main procedures for function-
alization of activated carbon surfaces, or “primary func-
tionalization”, and secondly with a comprehensive descrip-
tion of the main routes for the formation of supported acti-
vated carbons, also called activated-carbon hybrids, with at-
tention to the uses to which these materials have been put.

We hope that this organization will allow readers to gain
an overall perspective of this subject and to find potential
applications of this chemistry beyond this area. We apolo-
gize for the inevitable omissions.

2. Functionalization of an Activated Carbon

The surface construction of a supported activated carbon
by chemical means starts with the introduction of “primary
functions” for further introduction of other molecules or
systems. The yields of such “secondary” introduction are
highly dependent on the concentrations and distributions
of the primary functions, so the selection of the primary
functions for introduction onto the carbon materials is a
very important process (Scheme 1).

“Secondary functionalization” can be carried out by two
procedures:

a) In the first one, the target hybrid activated carbon is
obtained in a one-pot process. The fragment of interest is
then introduced directly on the surface of the functionalized
activated carbon.

b) In the second one, the fragment of interest is intro-
duced successively in two or more steps. In this approach,
an organic molecule (used as spacer) is anchored on the
surface of the activated carbon and other fragments are
then grafted onto the spacer to afford the target carbon-
supported functions.

This study is divided into:

2.1. Procedures for the “primary functionalization™ of an
activated carbon.

2.2. Synthesis of the carbon-supported functions or acti-
vated-carbon hybrids.

2.1. Procedures for the “Primary Functionalization” of an
Activated Carbon

The functionalization of carbon materials!'>!? through
the introduction of heteroatoms on the surface is a rela-

Second step

"Secondary functionalization...."

OM = Organic Molecule

Scheme 1. Steps used during the functionalization of the activated carbon.
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tively common process. Of these procedures, the introduc-
tion of oxygen functionality is the most developed. In most
cases, oxygen functionalities are introduced either by oxi-
dative aqueous solution treatments — HNO3, H,O,, (NHy),-
S,0g, NaClO, etc. — or in the gas phase with O,, CO, or
steam.!!3] These treatments will drastically increase the con-
centrations of oxygen surface groups capable of anchoring
organic molecules or organic complexes, but in most cases
they also cause modification of the textural characteristics
of the original activated carbon, which can be a drawback
in carbon materials with narrow microporosity or well-de-
fined porosity. For this reason, other methods of introduc-
ing chemical groups that allow the original texture to be
maintained have been developed. These other treatments in-
volve the introduction of surface heteroatoms through the
use of cold plasmas.

Cold plasmas are frequently used for the introduction of
heteroatoms onto polymer surfaces.'¥ Among them, oxy-
gen plasmas or air plasmas are the most common, although
other gases such as ammonia have been employed to intro-
duce nitrogen functionalities. In addition, inert gas plasmas,
especially helium, have been used for cleaning surfaces and
subsequent weak fixation of atmospheric oxygen. Oxygen
and carbon dioxide plasmas have been used for the intro-
duction of oxygen functionalities onto several active
carbons.['3! From these studies, it can be concluded that the
treatments are very effective with regard to the amount of
chemical surface groups introduced. A wide variety of oxy-
gen groups is introduced, carboxylic acid groups being the
most abundant.

2.2. Synthesis of Supported Activated Carbon or Activated-
Carbon Hybrids

Once the primary functions have been introduced, they
can act as intermediates for attachment of other fragments
of organic molecules, leading to activated-carbon hybrids
or supported activated carbon.

Lopez Garzén, Gutiérrez and co-workers have proposed
the attachment of appropriate molecular receptors on the
graphitic surface of activated carbon for use in metal ion
recovery from waste waters. These receptors consist of or-
ganic compounds containing a pyrimidine heteroaromatic
residue and a designed Lewis base function, connected by
a polymethylene residue (Scheme 2). The Lewis base func-
tion acts as an active site for complexation of metal centres,
whereas the interaction of the pyrimidine moiety with the
graphitic surface results in irreversible adsoption of the li-
gand onto the activated carbon. This material can be reused
for long periods without leaching of the pyrimidine deriva-
tive.

Martinez Roman and co-workers!!>!®! have carried out
the syntheses of several rhodium and palladium complexes
and have studied their catalytic behaviour, specifically in the
hydroformylation and hydrogenation reactions. The surface
of the activated carbon is frequently prepared by chemical
treatment (aqueous solutions of HNO;, HF, HCI or, in the
gas phase, O,, CO»).
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Scheme 2. Anchoring of pyrimidine derivatives on a an activated-
carbon surface (Lopez Garzon, Gutiérrez et al.).

For hydroformylation reactions the development of the
supported functionalization includes several steps begin-
ning with oxidation and chlorination of the original carbon
to provide 1 (Scheme 3). From this, two strategies have been
applied to obtain the activated-carbon-surface-anchored
rhodium(I) diphosphane complex 6. One (Scheme 3,
route I) consists of attachment of ligand (2) and subsequent
supported complex formation by treatment with the Rh!
complex 4. The second (Scheme 3, route II) involves the di-
rect linking of the appropriate Rh! complex to the COCI
function in 1, thus providing the same carbon-supported
complex 6. The two synthetic routes produce supported ac-
tivated carbons that are active, selective and stable enough
for use in consecutive catalytic runs in the hydroformylation
of oct-1-ene. The catalyst prepared by route II showed out-
standing behaviour, being fully active and with almost con-
stant selectivity for the linear aldehyde over four consecu-
tive catalytic runs (Scheme 3).

For hydrogenation reactions (hydrogenation of cyclohex-
ene and hept-1-yne), other hybrid material complexes such
as [Rh(p-C1)(CsH2)]r-AC, [PACL(NH,(CH,)1,CH;3),]-AC,
[RhCI(NH, (CH,);2CH3)3}-AC, [PACL(NH,(CH»)1,CH;),)-
ACH6a-16dl and [Rh(CgH,,)NH,CH,CH, NH(CH,); Si-
(OCH;);5]BF4-AC have been synthesized.!!7¢17d]

The procedure used by these researchers to produce sur-
face oxidation was considered to affect the location of the
metal complex on the support surface, with the catalyst pre-
pared with the air-oxidized support being the most active
and stable one. The metal complex was not deactivated in
consecutive reaction cycles, but in most cases some leaching
took place.

Freire, de Castro, Figueiredo, and co-workers have car-
ried out the immobilization of various Schiff bases such as
Cu'" acetylacetonate, bis[o-[N-(3-aminopropyl)formimidoyl]-
phenolato-O,N,N']nickel(IT), and bis[3-methoxy-o-[N-(3-
aminopropyl)formimidoyl]phenolato-O,N,N']nickel(II) and
Mn'" salen complexes for use as catalysts.'” In one exam-
ple, Jacobsen’s catalyst (10, Scheme 4) was immobilized
onto four activated carbons with different average pore
sizes. The preparation of the carbon support was achieved
by CO, gasification followed by molecular oxygen oxi-
dation. The influence of the textural properties of the acti-
vated carbon in the immobilization process and in the cata-
lytic performance of the Mn!!I heterogeneous catalysts was
investigated in detail.

Three different catalytic systems involving the hybrid ac-
tivated carbon 11 were studied: styrene epoxidation with
m-chloroperoxybenzoic acid and 6-CN-2,2-diMeChromene
epoxidation with either NaOCI or iodosylbenzene (PhIO)
5149
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Scheme 3. Synthetic routes to anchoring an Rh complex on an activated-carbon surface (Martinez Roman et al.).
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Scheme 4. Anchoring procedure for Jacobsen’s catalyst on modified activated carbons (Freire et al.).

as oxidants. The catalysts tested were active and enantiose-
lective in the three systems. Selectivity towards the desired
epoxide only decreased in the case of the material with
smaller pores, remaining identical to that seen in the homo-
geneous phase in all the other materials. The enantiomeric
excess values for alkene epoxidation increased with the pore
size of the heterogeneous catalysts, and in the styrene epox-
idation reaction were even higher than their homogeneous
counterparts.

Other organic compounds, each containing two different
functionalities, were anchored to functionalized activated
carbons in order to assess their use either as potential cou-
pling agents for metal complexes or as models for grafting
metal complexes with the same functionalities by Freire,
de Castro, Figueiredo and co-workers.'8! The selected com-
pounds were cyanuric chloride, 5-chloro-1-phenyl-1H-
tetrazole and 1,2-phenylenediamine. The supports were ac-
tivated carbons derived from coconut shell charcoal, which
were oxidised, either with oxygen (5% in a mixture of nitro-
gen and air) or with concentrated nitric acid, to increase the
amount of surface functional groups in a selective manner.
Additional treatment with LiAlH, was carried out before
attachment of chlorine-containing molecules, whereas the
5150
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anchoring of 1,2-phenylenediamine was preceded by treat-
ment with thionyl chloride to enable the formation of amide
bonds with the amine.

The calix[4]arene amine derivative 13 (Scheme 5) was an-
chored on activated carbon previously oxidized with Na-
OCl through an amide function by Bonnamour and co-
workers.['”] The anchored calixarene, unlike calixarene de-
posited by impregnation, could not be removed from the
surface of carbon by washing with chloroform at room tem-
perature. This first attempt to anchor a calixarene on acti-
vated carbon paved the way for anchoring of different kinds
of calixarenes on this support. The efficiencies and selectivi-
ties of the extraction properties of these new materials
towards metal ions are currently under investigation.

A little research into the use of modified activated-
carbon supports (or activated carbon hybrids) to heterogen-
ise homogeneous catalysts for liquid-phase processes has
been done. For this purpose the catalyst is grafted onto a
modified activated-carbon support. Two examples are pre-
sented in Scheme 6 and Scheme 7, below.

In this context, and with the aim of optimising pro-
cedures to prepare activated carbon-based heterogeneous
catalysts, C. Freire, B. de Castro, J. L. Figueiredo, and co-
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Scheme 5. Synthetic procedure to obtain calix[4]arene covalently bonded to the activated-carbon surface (Bonnamur et al.).

workers have developed several strategies for the immobili-
zation on activated-carbon supports of Schiff base transi-
tion metal complexes?’] that were catalytically active in oxi-
dation/reduction reactions. We are referring to N,N’-ethyl-
ene-bis(4-hydroxysalicyliminate)Ni'!, for which they used
cyanuric chloride as linking agent, and a copper(II) acetyl-
acetonate that was anchored onto a triamine-functionalized
activated carbon.

The copper and cobalt acetylacetonate complexes 17
(Scheme 6) were chemically grafted onto a functionalized
activated carbon by Valente, Botelho do Rego et al. These
catalysts were active and highly selective for 2-pinane hy-
droperoxide in the oxidation of pinane at room temperature
and atmospheric pressure.*'l The modification of the acti-
vated carbon surface was achieved by oxidation with nitric
acid, providing carboxylic acid groups. The conversion of
the carboxylic acid into the acyl chloride was then carried
out by heating with thionyl chloride, leading to 1. Hexa-
methylenediamine (15) was chemically bonded to the
carbon to provide surface groups containing aliphatic
carbon chains bearing terminal primary amines (Scheme 6).
Acetylacetonate complexes were attached at the primary

NH,(CH,)gNH,;
15

amines through Schiff condensation reactions. The ob-
tained materials 17 were used in liquid-phase oxidations
and proved to be very stable toward leaching.

An activated-carbon support was functionalized by Her-
mans and co-workers in order to introduce chelating phos-
phane groups on its surface.”?! This was done in several
steps, each studied in detail and optimized in turn. The first
step consisted of increasing the number of oxygenated sur-
face groups by oxidative treatment with HNOj3, whereas the
second involved the coupling of an amine with the surface
carboxylic groups by formation of an amide bond, leading
to 18 (Scheme 7). Various coupling agents were studied,
with SOCI, being found to be the most efficient. Fluori-
nated and brominated amines were used as model amines
(easier surface quantification by XPS thanks to the pres-
ence of heteroatoms such as F or Br), before treatment with
ethylenediamine. The pendant arm of the diamine could
then be further transformed to provide the desired biden-
tate phosphane 19 in the last step. The success of the pro-
cedure was confirmed and verification of the surface chemi-
cal reactions was achieved. Two coordination compounds,
Pd(dba), and Ru;(CO),,, were then incorporated on the

16

Me(Acac),

Me = Cu and Co
%‘\é

/
N\/@o\o
N Y

17

Scheme 6. Synthetic procedure for obtaining acetylacetonate complexes covalently bonded to an activated-carbon surface (Botelho do

Rego et al.).
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1. SOCl,

N/\/NH2

HPPh,/CH,O

Scheme 7. Procedure for obtaining chelating phosphane on an activated carbon (Hermans et al.).

starting carbon support and on the functionalized one. It
was found that the presence of chelating phosphane groups
at the surface of the functionalized support allowed both
the yield of incorporation and the metallic dispersion at the
surface to increased.

The chosen complexes were a Pd® species [Pd(dba),] and
a ruthenium cluster [Ru3(CO);,]. The former was selected
in view of the wide applicability of Pd in catalysis, the latter
as a model polynuclear precursor, in the knowledge that
transition metal clusters are ideal precursors for the prepa-
ration of catalytically active supported nanoparticles.

OH
>
> BrCH,COBr
- .y ——
-
8

Other fragments have been grafted on hybrids activated
carbon for use either as adsorbents (Scheme 8) or as sup-
ports for sensitive biomolecules, such as antibodies
(Scheme 9, below). The hyperbranched aliphatic polyester-
grafted compound 21 (Scheme 8) was successfully prepared
by Liu Peng et al.?*] The surface functional groups of acti-
vated-carbon particles were first homogenized to hydroxy
groups (compound 8) through oxidation with nitric acid
and subsequent reduction with LiAlH,. Secondly, the sur-
face hydroxy groups were treated with bromoacetyl bro-
mide to introduce bromoacetyl groups, leading to 20. In the

I}
/C_CHzBr

o—c—CHz(CHz-gr)gBr
c=0
O-C,H,OH

Scheme 8. Preparation procedure for a hyperbranched aliphatic polyester (Liu Peng et al.).

NO,

1) KOH

-
==
===

24

Scheme 9. Step-by-step method for the immobilization of antibodies and antigen—antibody recognition (Dauphas et al.).
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third step, the bromoacetyl activated carbon 20 was used in
powder form as a macro-initiator for the surface-initiated
atom transfer radical polymerization of hydroxyethyl acry-
late in the presence of 1,10-phenanthroline and Cu'Br as
catalyst in a water system.

A special procedure for the covalent attachment of sensi-
tive biomolecules such as antibodies (Abs) to active carbon
surfaces has been described by Dauphas et al.’1 An acti-
vated-carbon surface (7) was derivatized by electrochemical
reduction of 4-nitrobenzenediazonium salts (Scheme 9).
The nitro group of 22 was then electrochemically reduced
to afford the amine 23. This was then allowed to react with
methyl 5-(chlorocarbonyl)pentanoate to give 24. After de-
protection by saponification, the resulting carboxylic acid
was activated by treatment with 1-[3-(dimethylamino)pro-
pyl]-3-ethylcarbodiimide hydrochloride (EDC) and N-hy-
droxysuccinimide (NHS) to give 25. Anti-human trans-
ferrin antibodies (Abs) were then covalently immobilized by
reaction with the N-hydroxysuccinimide-activated carbon
surfaces to give species 26 in the last step of the modifica-
tion procedure, under native conditions and at physiological
pH to minimize their denaturation. The proposed method,
based on an electrochemically assisted grafting process and
on the use of a monoprotected homobifunctional linker, al-
lowed the production of a stable and compact layer of an-
chored antibodies. Moreover, a better degree of coverage
of the surface was achieved than in a classical procedure
involving a homobifunctional linker.

3. Conclusions and Outlook

We have focused our attention on organic reactions that
have been carried out on activated-carbon surfaces to which
covalent bonds have been formed.

From our point of view, it is the chemistry that has devel-
oped around the production of the supported activated
carbon that is of particular interest, because although the
reactions are quite simple, as we have seen here, the useful-
ness of the materials obtained is quite large. The critical
issue that has prevented the application of a more diverse
group of synthetic transformations for activated-carbon
functionalization is probably the characterization of the
transformed materials (usually achieved by spectroscopic
techniques in conventional organic synthesis). However, the
difficulties in the application of spectroscopic techniques
caused by the large radiation adsoptivities and conductivi-
ties associated with activated carbon makes those synthetic
transformations that can be examined by “chemical” meth-
ods such as acid-base or redox titrations more valuable.
The main catalytic advantage of these materials is high
selectivity, as well as the fact that they can be used for sev-
eral runs, which additionally represents an environmental
advantage. Furthermore, the synthetic work involved in the
multiple steps of isolation and purification of the final
product/s obtained is considerably simplified because these
materials are solids. Finally, other fields of exploration have
been opened with the synthesis of these materials for use
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variously in antigen-antibody recognition, as adsorbents for
wastewater treatment etc.
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