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The paper describes a single-step procedure by which linear terminal diamines are directly anchored
onto activated carbon in sizable amounts5#6). Evidence for the formation of real amide bonds is
provided by using a range of spectroscopic and “in situ” electrochemical determinations (X-ray
photoelectron spectroscopy, BrunauEmmett-Teller, Fourier transform infrared, Boehm titrations, and
potentiometric acietbase titrations). Results on the reaction stoichiometry are also given, showing that
diamines and surface carboxyls react in a close to 1:1 molar ratio. TermMidh groups not engaged
in amide bonds are free to react further and, in the present conditions, show well-defined proton adsorption
behavior.

Introduction depending on carbon origin, pretreatment, and modification
purposely adopted to improve performance in one or another
field of interest:*1826 As a fact, carbon modification has
become a main field of research on its own, with many
techniques reported to increase the concentration of native
groups$*26-31 (mostly oxygen-based) or to substitute them
by functionalities containing heteroatoms, like N and
S14182232°35 Increased and more selective sorption behavior
is expected and actually observed on such modified car-
bons!#4232836 A promising route to N-modified carbons is
surface amide bond formation by means of bifunctional

ini i i 22,34,35
* To whom correspondence should be addressed. E-mail: leonardo.formaro@ molecules containing a reactive amine gréﬁfﬁ_ In

Activated carbons have a relevant role in many applica-
tions concerning, for instance, consumer, industrial, and
energy-oriented issués!? Carbons are effective sorbents for
pollutant removal from surface and wastewaters and for
reactant recycling in industrial proces$é&s® An interplay
of physical and chemical features is involved. Surface area,
porosity, and pore size distribution cooperatively intervene
together with a rich collection of surface functional
group$111417 that may vary in kind and concentration
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a search of the literature this kind of modification is most Multiscope FT-IR microscope (Perkin-Elmer, MA) over the wave-
often performed by a sequence of steps in which the first length range 6064000 cn1™. In the DRIFT approach, FT-IR grade
one is invariably aimed at activating the carbon surface, KBr was ground for 5 min and dried overnight at 120. KBr
followed by an amination ste}3:18-223435|n the following was then thoroughly mixed with carbon in an agate mortar for 1
we report a one-step method allowing amine binding to be min at 0.2% (w/w) concentration. Spectra were recorded selecting
1 :
directly obtained, thus reducing costly purification of reaction a scan number of 64 dra 4 cn resoll_mon. The baCkgrOL.'r.'d of
intermediates. The starting point of view is to take advantage pure KBr was separately recorded using the same conditions and

; . automatically subtracted from sample spectra.
of carboxylic groups that normally exist at the carbon surface, |, yefiectance microspectroscopy, spectra were directly collected

reacting them in as straightforward a way as possible with on a fiat carbon layer obtained by gently pressing the powder onto
linear terminal diamines, such as to anchor a single aminea mirror finished aluminum support. A minimum of 20 sampling

group to carbon while leaving the second one free to reactareas were explored at a scan number of 64 with 4lgesolution.

further in other conditions. Background from the sample holder was automatically subtracted.
Specific Surface Area.Surface area and porosity were deter-
Experimental Section mined by low temperatureT(= —196 °C) N, adsorption using a

SA3100 Coulter apparatus. Before measurement, samples were
Reactants (1,3-diaminopropane (denoted as C3 in the following), outgassed af = 80 °C for 3 h. Surface area and porosity were
1,6-diaminohexane (C6), ethanol, diethylene glycol diethyl ether calculated from nitrogen isotherms using the instrumental software
(diglyme), Fourier transform infrared (FT-IR) KBr; all Aldrich of  (version 2.12).
analytical grade) were used as received. Activated carbon (Darco  Boehm Titrations. Boehm titrations were carried out according
KB, Aldrich) was either used as received or purified by water to standard procedurésindependent carbon samples (0.2 g) were
washing as specified below. Milli-Q water was used throughout as placed in 25 mL of NaOH, N&Os, NaHCQ, and HCI (all 0.05

well as high purity N (5-Nine, Sapio). N). Vials were sealed and equilibrated for 24 h by bottom-up
Carbon Modification. In a typical run, untreated carbon-§ rotation and filtered. To determine the amount of acid groups,

g) was suspended under stirring in diglyme300 mL) and added  aliquots (5 mL) from the basic solutions were added to excess 0.05

with a large diamine excess (3:310°2 mol g-* of carbon) with N HCI and back-titrated with NaOH. Similarly, basic groups were

respect to the total amount of carbon acidic groups determined by determined by direct NaOH titration of solutions from HCI
the Boehm method (see below). The suspension was hedfed at  equilibration. Titrations were performed in triplicate under flowing
140°C for ~45 h. Reacted samples were filtered and redispersed N, to exclude CQ contamination from the used reactants and the
several times in EtOH and finally in Milli-Q water until complete  atmosphere. Results were calculated assuming that NaOH reacts
removal of organics, as monitored by UV analysis. Drying was with all acidic carbon groups (phenols, lactones, carboxyls), that
performed in flowing N for 24 h atT = 90 °C. Samples reacted  Na,CO; reacts with lactonic and carboxylic groups, to the exclusion
with C3 and C6 are denoted D3 and D6, respectively. of phenols, and finally, that NaHGnly reacts with carboxyls.

To detect solvent and thermal treatment effects, a control sample  potentiometric Titrations. Quasi-equilibrium acietbase titra-
was obtained in the same way, however without amine added tions were performed under G@ree N, at 25°C in KCl as the
(denoted as TH in the following). For internal reference a further supporting electrolyte. Carbon (0.25 g) was suspended in KCI (40
sample (denoted as DB) was obtained suspending Darco KB inmL) at the lowest used concentration ¥110-3 M), stirred, and
water under stirring for 1 week. Then it was extracted for a further N, purged for 0.5 h. Separate glass and reference electrodes
week with water in a Soxhlet apparatus to remove soluble impurities (Metrohm) were used, the latter one connected to the test solution
and oven-dried in flowing BlatT = 110 and 120C in two separate by a salt bridge at the used electrolyte concentration. Titration was
24 h steps to remove most physical water. started by adding 0.1 M HCI or KOH in 1L aliquots (Metrohm,

X-ray Photoelectron Spectroscopy (XPS)XPS measurements  Dosimat 665) in a three-cycle back and forth method to assess
were performed with an M-Probe Instrument (SSI) equipped with reproducibility. Thereafter, the electrolyte concentration was in-
a monochromatic Al & source (1486.6 eV) with a spot size of  creased adding the necessary amount of solid KCI. Further titrations
200 x 750um and a pass energy of 25 eV, providing a resolution were performed at & 102 and 1x 101 M KCI. To achieve
of 0.74 eV. The energy scale was calibrated with reference to the quasi-equilibrium a homemade PC-controlled system was used
4f712 level of a freshly evaporated gold sample (84:D@®.1 eV) comprising an Amel 338 pHmeter, a MOXA multiplexer board,
and to the 2, and 3s levels of copper (932.470.1 and 122.39  and control software. A pH stability-over-time criterion was
+ 0.15 eV, respectively). An electron flood gun was used to adopted, imposingypH/min < 0.005 for pH acceptance and further
compensate for the buildup of positive charge on insulating titrant addition. A titration time of~16—24 h was necessary for
samples: a value of 5 eV was selected. For all samples, the C 1seach complete titration set. To minimize hysteresis between forward
peak level was taken as the internal reference at 284.6 eV. Accuracyand backward titrations, trial tests were performed to determine a
of reported binding energies (BEs) is approximatei9.2 eV. suitable pH titration range. Proton adsorbed amounts were calculated
Quantitative data were carefully checked and reproduced severalas the difference between added and analytically measured (quasi-
times. Uncertainty in spectral decomposition is estimated to be equilibrium) H" concentration. Corrections were applied for KCI

+1%. activity coefficientd® and acid-base water behaviéP.
FT-IR Spectroscopy.FT-IR spectroscopy was used to determine . )
the vibrational frequencies of surface functional groups. The 2500 Results and Discussion
3600 cnt' and 1306-1800 cnt' regions were particularly Before reporting results we want to mention some

investigated, using diffuse reflectance infrared fourier transform experimental tests that were carried out to get an understand-
spectroscopy (DRIFT) and reflectance FT-IR microspectrometry.
DRIFT spectra were collected over the whole wavelength range (37) Boehm, H. PCarbon1994 32, 759.

1 ~ _ (38) Parsons, RHandbook of Electrochemical ConstanButterworth
(450—-4000 cn1t) by means of a Spectrum One FT-IR spectro Scientific Publications: London, 1950,

photometer (Perkin-E!mer, MA), equipped with a DRIFT accessory. (39) Breeuwsma, AAdsorption of ions on hematite«{Fe;Os). A colloid-
Reflectance FT-IR microspectroscopy spectra were acquired by a chemical studyVeenman H. & Zonen B.V.: Wageningen, 1973.
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Table 1. Atomic C, O, and N Percent Sample Compositions Figure 2. High-resolution O 1s spectra: (a) DB; (b) TH; (c) D3; and (d)
sample description C % 0% N % D6. 1 and 2 are defined in the text.

DB washed carbon 93.1 6.9 carbon and oxygen contents to vary decreasing and increas-
TH carbon thermally treated 89.9 10.1 ; ; ; ;

D3 carbon thermally treated with 86,2 9.0 48 ing, respectlv_el_y,_ with respect t_o the untreateo_l sampl_e. Given

1,3-diaminopropane the lack of oxidizing power of diglyme and amines, this extra

D6 carbon thermally treated with ~ 85.0 9.6 5.4 oxygen has an uncertain origin. It is, nevertheless, interesting

1,6-diaminohexane that O is at a maximum on TH and decreases somewhat on

both amine reacted samples. Though admittedly at the limit

ing of the amine-carbon reaction and to improve binding : , : .
efficiency. Darco KB was chosen as the test carbon becauseOf the experimental resolution, this trend suggests that this

of the high carboxyl content revealed by Boehm titrations. extra oxygen gives rise to surface groups that behave similar

A large diamine excess and fast amirgarbon mixing were to;he ”at"éetofl‘ejv r'e?ctm.g fug’;hgr V(;/I';h ex%gsz amw:e}.['
used to minimize reaction of amine with carboxyls in more detailed picture 1S obtained from high-resofution

adjoining positions and at the surface of different carbon spectra. . . I
particles. To the same end, 1,3- and 1,6-diamines were O 1s signals (Figure 2) contain contributions from two

adopted for steric reasons. In a first attempt Darco KB was ?3%;”:23?48'53 ;:A?JZESpO(;ldCiQ%LO% d ((p;%l:(lj, E’ Ej
reacted aff = 150°C in an autoclave with C3 dissolved in ) 4 evy” an an onas

— 27,40-45 |t i
water (2 M). Despite the large amine excess a rather low (Peak 2 BE= 532'4._533'1)' Itis relgvant that no
elemental N percent was determined by XP&(7%). This signal is present at higher BEs, thus excluding weakly bound

result was considered unsatisfactory and attributed to water®XY9en forms, like physical and chemical water or adsorbed
in the used medium intervening to shift the reaction equi- moIecngr oxygen. Therefpre, total oxygen, the above extra
librium backward. Tests were, therefore, addressed to singleoxéglen mcIudedI,:_ls che3m|cally bonded dto fthe surfag_e._ dual
out a solvent with high water affinity such as to shift the s specira ( gure ) are composed of many individua
reaction forward. Candidates were found in the ethylene compone_n_ts that m_orde_r of decreasing magnitude represent
glycol family. After a few tests these compounds were (1) graphitic and aliphatic carbon (peak 1 at BE284.5-

27,40-43,45,46 H ~_ >
abandoned in favor of the corresponding diethers where end2.85'l th), icohol (i) smlgle k()jond.C O ani(; :';glgls
alcoholic functions are protected by ether groups thus making("e"et €1, aConol, pnenal, and amine, peax £~5o0.
: : 287.0 eV)?7:3440-43,45,46(3) carbonyls and quinones (peak 3
the solvent less reactive with respect to the carbon surface.BE'_ 287 ’5—288 1 eV)27 4043454630 (4) carboxvl and '
Diglyme was adopted because of the suitably high boiling °=— <°’" 1 eV);r454%and (4) carboxyl and ester

point (T = 180—190°C), allowing ambient pressure condi- Jr0UPS (peak 4, BE= 289.3-200.0)}" 4 424%0f concern
tions to be used ' is also the shake-up satellite (5) duestesr* transition in

i i 47
XPS survey analyses (Figure 1) show that nitrogen is aromatic rings (peak 5, BE 291.2-292.1 eVy

present in amine-treated samples (D3, D6) at a concentration High-resolution nitrogen (N 1s) spectra (Figure 4) show

. 4,48,49
that, from elemental percentage results in Table 1, ranges to? single component peak (BE 399.5-400.5 eV}

~5% regardless of the used amine. This value favorably

. .(40) Proctor, A.; Sherwood, P. M. ACarbon1983 21, 53.
compares, and even surpasses, previous results from multi41) koziowski, C.: Sherwood, P. M. ACarbon 1986 24, 357.
step procedure¥:*43% Moreover, by comparison with the  (42) Xie, Y.; Sherwood, P. M. AAppl. Spectrosc1989 43, 1153.

; _ ; ; 43) Desimoni, E.; Casella, G. |.; Cataldi, T. R. I.; Salvi, A. M.; Rotunno,
above result§ in watgr pased med|a, thls result support_s thaf T.: Di Croce. E.Surf. Interface Anal1992 18, 623.
water-producing equilibria are involved in the overall amine- (44) Atamny, F.; Bloecker, J.; Duebotzky, A.; Kurt, H.; Timpe, O.; Loose,
to-carbon bindina. G.; Mahdi, W.; Schloegl, RMol. Phys.1992 76, 851.
. 9 . . . (45) Darmstadt, H.; Roy, C.; Kaliaguine, Sarbon1994 32, 1399.

Atomic compositions in Table 1 self-consistently and (46) Reis, J. M.; Botelho do Rego, A. M.; Lopes Da Silva, J. D.; Soares,
independently concern each investigated sample. However, - l\ﬁl-bN. J.Plvl_altjerl.I SCLK19%5 30, 118. B M. Schasfer. A Seibold. K
a comparison among them shows that sample heating, botH*”) 4 Catal. 1502 135 467, T yrowe B A Schaefer, A.; Seibold, K.

in the absence and in the presence of amines, causes th@s) Lindberg, B. J.; Hedman, Chem. Scr1975 7, 155.
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Figure 3. High-resolution C 1s spectra: (a) DB; (b) TH; (c) D3; and (d)
D6. 1-5 are defined in the text.
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Figure 4. High-resolution N 1s spectra: (a) D3 and (b) D6.
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Table 2. Relative Peak Areas (RPA%) of C 1s Peaks Corresponding

to Figure 3
BE (eV) description DB TH D3 D6
1 284.5-285.1 graphitic and aliphatic  70.5 70.9 63.4 60.0
carbon
2 286.3-287.0 single bond €0 and 176 170 264 27.4
C—N groups
3 287.5-288.1 carbonyls and quinones 51 51 52 54
4 289.3-290.0 carboxyland estergroups 3.7 3.1 5.0 6.3
5 291.2-292.1 m—ax* transition in 31 39 - 0.9

aromatic rings

related to aminic and amidic nitrogen, thus showing that
amine-to-carbon binding has taken place.

Chem. Mater., Vol. 18, No. 17, 2068

Table 3. Specific Surface Area

DB TH
1671 1559

D3
1085

D6
571

sample
specific surface area fhg?)

than doubling after thermal treatment in diglyme (see Table
3). No similar effect is present in the second line data where,
as stated above, DB and TH have comparable RPA% values.
This lack of correspondence is unexplained and might be
due to ever continuing discrepancies between “dry” and
“wet” determinations. From this behavior we feel justified
in assuming that phenol signals do not also contribute to the
RPA% increase observed in passing from TH to amine-
treated samples. Then, and also disregarding as chemically
unprobable any formation of new surface ether groups, the
RPA% increase in the second line can be mainly attributed
to C—N bonds belonging to free and reacted amino groups.
It can be observed that directly evidencing amidic carbon
would require an increase in D3 and D6 RPA%s in the third
line > which is again not observed. However, in the case of
amide bond formation at the carbon surface it could expected
that a decrease in conjugation occurs between formerly
—COOH groups and any relevant COOH-bearing aromatic
ring in the substrate, with effects possibly propagating at a
distance over the graphitic system of the carbon surface. This
is in accordance with RPA%s of the—x* transition (see

the fifth line in the table). On DB and TH these values are
initially comparable. After amine treatment they decrease
to fractional and zero values. Though weak, these signals
are direct evidence for amide bond formation in the used
conditions. It can be stressed that “this signal is only detected
on predominantly graphitic/aromatic surfacés”.

FT-IR spectra are usually collected in the transmission
mode using KBr pellets. When examining sensitive materials,
like, for example, carbon, DRIFT is generally preferred
because perturbing effects from sample preparation are
reduced to a minimum. In a further improvement and to a
better spectral quality, FT-IR microspectroscopy can be used.
After extensive comparison between these latter methods,
microspectrometry was preferred because of its least interfer-
ing sample preparation, also considering the ease by which
replicate results are obtained on independent sample areas.

Amine—carbon interactions are evidenced by C 1s spectra The main panel of Figure 5 shows a sample comparison in

(Table 2). In the first entry line of the table, untreated (DB)
and thermally treated (TH) samples have similar graphitic

the whole spectral range investigated (6@@00 cnt?).
Several modifications are apparent in passing from untreated

and aliphatic relative peak area components (RPA%) that (DB) to thermally treated (TH) and amine-treated (D3, D6)

comparably decrease by7—10% on both amine treated

samples. More detailed results are observed in separate

samples, somewhat more definitely for the amine with longer spectral regions concerning symmetric and asymmetric C

(D6) rather than shorter chain length (D3). By comparison,

H stretching (27083000 cn1?, box a), G=O stretching

the second line shows that RPA%s of DB and TH are again (1490-1780 cnm?, box b) and €&H bending (1356-1490
comparable and, probably not coincidentally, increase by cm™, box c). In box a, the relative intensities of

approximately the same amount as abowvel@6) after
amine treatment. At the relevant BE,—© and C-N

stretching vibration bands are seen to increase just moderately
from DB to TH, more definitely on D3 and the more so on

contributions from phenols, alcohols, and amines are indi- D6. This evidence can only be attributed to £groups

cated so that some distinction is needed before peakintroduced at the surface by the used method, their number
assignment. Most relevant is the fact that, from Boehm increasing with the amine chain Iength. Box b shows a broad
titration results in the next section, the surface groups absorption band system due te=O stretching from carbo-
classified as phenols undergo a large increase, actually mordlylic moieties. When considered altogether, DB and TH

(49) Lindberg, B.; Berndtsson, A.; Nilsson, R.; Nyholm, R.; ExnerAGta
Chem. Scandl978 A32 353.

(50) Handbook of X-Ray Photoelectron Spectros¢dplyysical Electron-
ics: Eden Prairie, MN, 1995.
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DB a) b) ©) Table 4. Results of Boehm Titrations
_‘\/w\/‘\/\,f' “—\,\/ total total total
é carboxyls lactones phenols acids bases  groups
=) TH (uequiv  (uequiv  (uequiv (uequiv (uequiv  (uequiv
2 W\/\/V \—/‘*\,\/ m) m?H) m?H) m?H m?3) m)
Z‘f D3 DB  0.087 0.182 0114 0383 0182  0.565
! TH  0.185 0.076  0.302 0563  0.187  0.750
Q
g b6 and carboxyl groups undergo protonation and deprotonation,
§ \/\ respectively, at overlapping pH, thus making difficult or
E impossible for any direct separation between tKep.>3
Y Similar behavior expectedly also occurs on corresponding

4000 3000 2000 1000 2900 28001700 1600 1450 1350 . .
e carbon-bonded grougs.Boehm results are given in Table
Figure 5. FT-IR microspectroscopy spectra of the DB, TH, D3, and D6 4 after normallza.tlon. with respect to specific surface areas
samples. €H stretching, G=O stretching, and €H bending spectral from BET determinations (Table 3). Carboxyls, phenols, and
regions are shown in boxes-a, respectively. lactones are present on the untreated carbon (DB). In the
spectra can be assimilated to a single response, as it is alsgoehm method these groups are overall cIaSS|f|e_d as a(.:'d'c'
They sum up to a greater total than that of the basic functions.

the case for D3 and D6 even though the response is veryTh b tace is. theref hoteric with dominati
different from the previous one. Then, we see that a sharp € carbon surtace IS, therefore, amp otenc_ywt . ominating
acidic character, as from producer specifications. After

transition occurs between the two responses, onlyattributableh inain dial bon (TH) b idic with
to amine anchoring. Complementary evidence is obtained eating in diglyme, carbon (TH) becomes more acidic with,

in box c related to the absorbance increase of aliphatic C on one hand, nearly unchanged basic groups and, on the
H bending. other, extra carboxyls and phenols generated at the expense

Unfortunately, no direct evidence could be observed for of a fraction _Of previously present Iacton'es. This suggests
aminic hydrogen. The most diagnostic signal from-N that lactone rings may thermally open to yield carboxyls and

stretching is expected at 3268400 cnt, and in the present phenols in a 1:1:1 ratio. However, a lack of stoichiometric

spectra it is actually lost within the broad-®i stretching ~ Mass balance appears in Table 4 with respect to this
bands in the main panel. Nevertheless, it is observed thatYPOthesis. By taking differences between the relevant data,

this band shifts to lower frequencies as a result of amine & dreater amount of carboxyls (0.09&quiv n1?) and
treatment. However, from a spectroscopic point of view, Phenols (0.18&equiv n?) is generated than that of lactones
results suggest that amine anchoring has successfully takef©St (0-106ueq nT?), thus showing that other reactions
place. On more general grounds they also show the ease anitervene to increase the overall carbon acidity a.nd the total
sensitivity by which carbon can be investigated by FT-IR @mount of oxygen groups that was already mentioned when
microspectroscopy. To our knowledge the technique is diScussing XPS survey analyses.
seldom used for this purpose. Quasi-equilibrium titrations of carbon suspensions are

From BrunauerEmmett-Teller (BET) determinations,  reported in Figure 6ac. Adsorbed proton (H-OH") charge
surface areas (Table 3) anyway decrease with respect to thevalues are normalized with respect to BET surface areas.
untreated carbon (DB) by amounts that depend on modifica- With increasing pH, the charge/pH relation of the untreated
tion conditions. A moderate percentage decreasé¥) carbon in 1x 103 M KCI (DB, Figure 6a) is at first convex
occurs for the TH sample reacted in the absence of aminesand then concave to the abscissa axis, with a well-defined,
The decrease becomes greater on B35%) and actually ~ almost horizontal inflection point between the two. With
dramatic on D6 {-66%). The effects were not investigated increasing KCI concentration, charge/pH relations become
in detail so that we may resume the explanation of a similar steeper and near linear and intersect with each other at pH
behavior observéd by using 1,2-diaminoethane and 1,6- = 4.5, in close correspondence of the inflection point. This
diaminohexane which are just one g€group shorter than  feature is characteristic of amphoteric surface behavior as
the present C3 and actually the same C6 diamine, respechest exemplified by insoluble oxid&The intersection point
tively, used in this work. In a further meaningful aspect of is unaffected by electrolyte concentration so that even though
that paper, a family of carbons with variable pore sizes was there is a lack of comparison with other electrolytes,afd
used thus permitting surface area effects due to alkyl chain CI- appear to interact with the carbon surface nonspecifically,
length at a given carbon pore size to be detected. As a resultmainly through electrostatic forces. Therefore, the intersec-
it was proposed that surface area variations are attributabletion point is identified with that pH where the absolute charge
to filling accessible pore volumes by diamines with different of the unmodified surface is zero (pH pHpc and (H—
aliphatic chain bulkiness. This is in accordance with Table
3 resu!ts' gven though a single carbon with given, Cor]Stam(51) Kortum, G.; Vogel, W.; Andrussow, KDissociation Constants of
pore size is used. Organic Acids in Aqueous SolutigrButterworth: London, 1961.

The next sections are devoted to the adidse carbon (52) Perrin, D. D.Dissociation Constants of Organic Bases in Aqueous

. e . . Solutions;Butterworth: London, 1965.
behavior and modifications thereof induced by amine treat- (s3) Leon y Leon, C. A. D.: Radovic, L. R. I6hemistry and Physics of

ment. Carbon Thrower, P. A., Ed.; Marcel Dekker, Inc.: New York, 1994;

- . . Vol. 24, Chapter 4, pp 213310.
Boehm titrations were only performed on non-aminated (54) Lyklema, J.Fundamentals of Interface and Colloid Science. Solid-

carbons. Given the relevant dissociation constants, free amine  Liquid Interfaces Academic Press: London, 2001; p 3.147.
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incipient, irreversible FI/OH™ interactions with lactones that,

0.02 in the acidity scale of Boehm determinations, are next to
0 carboxyls.

Titrations of D3 and D6 in comparable conditions are

-0.02 shown in Figure 6b,c. To directly show amine treatment

effects no pH range optimization was performed, thus

-0.04 possibly contributing to the readily observed residual hys-

teresis between back and forth titration runs (see especially
4 5 6 D6 in Figure 6¢). On the better defined results of D3 (Figure
6b), titrations sharply intersect at pH9.6. As in the above
and leaving unprejudiced any interaction with electrolyte
ions, this pH is identified as piz at absolute zero surface
charge. More complex behavior occurs for D6 (Figure 6c)
where titrations in Ix 1072 and 1x 10~ M KCI definitely
intersect at pH= 10, however, being shifted upward in no
clear relation with that in x 10°2 M electrolyte. For these
reasons the sample pHis left undefined and experimental
charge values are used.

As a main feature, both samples show an impressive
charge increase with respect to the untreated carbon.
Moreover, the charge is only positive (D3), or nearly so (D6),
and becomes more positive with decreasing pH and increas-
ing electrolyte concentration. These features outline a proton
adsorbing (basic) rather than amphoteric behavior, as it is
the case for the untreated sample. By reference to protonation
constants of the free used aminekpp~ 10. 6-10.8257:58

7 8 9 10 and 10.9? are found for C3 and CB6, respectively. Even more
pH significant is the comparison withiN-alkylbenzamides
Figure 6. Potentiometric titration curves of (a) DB; (b) D3; and (c) D6: (PhCONH(CH),NH,, n = 2—4) where protonation of
(©,®)1x 10°M; (T, M) 1 x 102 M; and (s, 4) 1 x 10" M KCI (T unreacted terminat-NH, groups is characterized byKp

= 25°C). Full symbols, acid-going runs; open symbols, basic-going runs.

See also the arrows in Figure 6c. values that increase with increasing chain length, thatis, p

=912 (=2), K, =9.92 (= 3), and K, = 10.34 o =
OH") = 0).555%6This parameter is specific of the surface and 4).5° The close correspondence oKp= 9.92 with the
surface state under examination in no general relation, otherexperimental pktc of D3 (pH,,c = 9.6) can be considered
than occasional, with the spontaneous pH experimentally to show that protonation involves comparable chemical states
recorded prior to titrant addition, which is often used of —NH, groups in the model benzamide and in functional
interchangeably for the same purpose. For instance, in thegroups at the carbon surface. On these groundg,cpHD3
present case the spontaneous pH is 4.9 as compareg o pH becomes well-defined, primary evidence that amide bonds
= 4.5. In accordance with the above definition, the absolute are formed between amines and surface carboxyls. However,
zero in the charge axis scale of Figure 6a is fixed atpH  with the above-mentioned uncertainties concerning D6, this
4.5. point of view is also supported by the difference in the

Carboxyls are indicated as the relevant surface groups. Inexperimental crossover points of D3 and D6.

Boehm determinations, after equilibrating in the weakest Potentiometric and Boehm data can be examined further
used alkali (NaHCE), DB suspensions are normally at pH to obtain insights into amine binding stoichiometry. To this
~ 8.6. Carboxyls are measured so that these groups are onlyend, graphical tangents and slopes of titrations at the
relevant to proton sorptiendesorption processes taking maximum electrolyte concentration are used as simplified
place in the more acidic pH range of Figure 6a, any other criteria, these being independent of differences in the zero
group determined in Boehm titrations being in this case charge reference and uncertainties from the lowest used
electrically neutral and charge ineffective. In a general electrolyte concentration. Titrations of DB, D3, and D6 in
way, depending on pH, SQHand SO can be envisaged 0.1 M KCI are close to straight lines, with characteristic
as the charge-determining carbon surface groups. FerpH numerical slopes of 0.036, 0.12, and Oiefuiv nT2 pH!
pHp.c these groups balance with each other to a zero net(titrations denoted by open simbols)(in Figure 6a-c are
(H*—OH") charge. Under these aspects it is relevant that used). The charge increase from untreated (DB) to amine
even moderately extending the upper titration limit to higher
pH destroys the excellent back and forth titration reproduc- (57) Paimer, B. N.; Powell H. K. 1. Chem. Soc., Dalton Tran974

ibility in the figure, causing hysteresis loops, likely due to 2089. . .
y 9 9ny P y (58) Labadi, I.; Jenei, E.; Lahti, R.; lomberg, HActa Chem. Scand 991,
45, 1055.
(55) Lyklema, JJ. Colloid Interface Sci1984 99, 109. (59) Anker, L.; Testa, B.; Van de Waterbeemd, H.; Bornand-Crausaz, A;
(56) Ardizzone, S.; Formaro, L.; Lyklema, J. Electroanal. Chem. Theodorou, A.; Jenner, P.; Marsden, C. Hely. Chim. Actal983

Interfacial Electrochem1982 133 147. 66, 542.
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treated samples (D3, D6) is represented by the ratio betweerthat was observed by using a nonaqueous solvent instead of
these figures, namely, 0.30 for DB/D3 and 0.26 for DB/D6. water as the reaction medium.

This numerical similarity is somewhat surprising and  As an overall comment, the reported results offer a range
suggests that the reacting carbon surface more or lesof independent instrumental results that complement one
reproducibly obtains the given chemical state during amine another in showing that amines present at the carbon surface
treatment, regardless of the aliphatic diamine chain length. are actually amide-bonded to carboxyls. In this, potentio-
Though unknown, this carbon state may be assimilated to metric titrations are seen as the most relevant.
that of sample TH, only subjected to thermal heating without To assess the general validity and feasibility of this
added amines. Then, an independent estimate of the abovanalysis it would be interesting to extend this kind of
charge ratios is obtained assuming that titrabldH, groups instrumental interplay and internal cross-checking to other
correspond in number to the total of carboxyls and lactones carbons.
from the Boehm results, these groups reacting witkiH,
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