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Abstract Preparation and modification of activated carbon (AC) and activated
carbon fiber (ACF) were described for the adsorptive removal of contaminants
from aqueous phase. For hydrophobic and nonpolar organic pollutants, specific
surface area and pore distribution of hydrophobic carbon surface play an important
role. On the contrary, hydrophilic carbon surface containing heterolytic oxygen-,
nitrogen-, and sulfur-containing functional groups is required for capturing ionic
pollutants rather than specific surface area. Carboxy groups was successfully intro-
duced onto carbon surface to remove cationic contaminants as heavy metal cations
of Pb**, Ni**, Cd**, Cu**, etc., while quaternary nitrogen could be formed to some
extent on carbon surface for uptaking anionic pollutants of nitrate, phosphate,
Cr20427, ASO437, etc. However, introduction of sulfonic functional groups onto
carbon surface for cationic pollutants and alkylamine groups for anionic pollutants
has still been challenging subjects.
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1 Pollution of Aquatic Environment

In this chapter, porous carbonaceous materials and their surface modification for
adsorptive removal of contaminants in aquatic environments were described based
on our previous study and some literature survey. Before detail description regarding
carbon, char, and fiber, we would like to mention the background of the study to
show significance of the developments of new type of porous carbonaceous mate-
rials with hetero-atom (N, O, S) functionalized surface.

Pollution of aquatic environment can be defined as contaminations of undesired
materials of organic and inorganic compounds found in sea, river, lake, and ground-
water. In the pollution of organic materials, not only conventional polycyclic and
mono-aromatic organic compounds mainly originated from crude oil but also pes-
ticides and insecticides [1], and nowadays pharmaceuticals and antibiotics [2, 3] are
involved for the study field. In regard to inorganic pollutants in aquatic system,
heavy metals such as lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), arsenic
(As), and mercury (Hg) are frequently found worldwide, especially in China, due to
rapid urbanization and industrialization [4, 5], and heavy metals penetrated in soil
are greatly connected with aquatic environment as well [6-8]. Nitrogen, phospho-
rous, and potassium are widely known as three main macronutrients, and they are not
harmful themselves. But, once excess amounts of nitrogen (ammonia N) and phos-
phorous (P) are discharged into environment, N and P induce eutrophication of lake
(particularly in shallow lake) [9], shallow estuary at costal area [10], and pollution by
nitrate in river [11] and groundwater [12—14]. In this section, relationship between
properties of carbonaceous adsorbents and the above various pollutants in water will
be described in terms of reduction of the pollution level by adsorptive removal of
contaminants.

2 Adsorbents for Organic Pollutants

Carbonaceous adsorbents such as activated carbons/chars and activated carbon fibers
have been frequently utilized for the removal of organic compounds from aqueous
phase for a long time. Activated carbons consist of a numerous number of curved
graphene sheets intertangled each other. Principally, adsorption kinetics is depen-
dent on pore distribution and particle size of adsorbents, and adsorption capacity of
organic pollutants is governed by specific surface area and surface nature. For
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granular activated chars and carbons, adsorption speed of organic pollutants into
pore structure is controlled by diffusion in most of the cases. When we attempt to
apply pseudo-first-order and pseudo-second-order kinetics to the experimental data,
pseudo-second-order kinetics will be more suitable than pseudo-first-order analysis
because pseudo-second-order kinetics is said to be appropriately represented for
diffusion controlled mechanism [15-18]. On the contrary, in case of using fine
particles of carbonaceous adsorbents including dried leaves, rapid adsorption was
observed, and the kinetics obeyed pseudo-first-order kinetics [19] indicating that the
rate-limiting step should be collision of the solute onto adsorption sites of the
adsorbent surface. The pseudo-first-order kinetics could be also more suitably
applied to mesoporous activated carbon than pseudo-second-order for heavy metal
adsorption as described latter section [20].

Adsorption capacities of organic compounds on carbon surface are usually
proportional to specific surface area of activated char if no or a little oxygen-
containing strong acidic surface functional groups are present on the surface. Goto
et al. examined the influence of the oxygen species on activated carbon (AC) and
found that any sort of oxygen functional group more or less inhibited the adsorption
of benzene and nitrobenzene in aqueous solution [21]. Figure 1 shows adsorption
isotherms of benzene and nitrobenzene (NBz) on bead-shaped AC (BAC, Kureha
Corporation, Japan), AC oxidized with concentrated nitric acid (AC-Ox), and
AC-Ox outgassed at 900°C in helium flow (AC-OxOG) together with Langmuir
fitting of the isotherms [21]. In case of benzene adsorption, adsorption amount was
drastically altered by the oxidation of AC (AC-Ox) from 10 mmol/g to close to zero,
while consecutive outgassing treatment led to regaining some amount of capacity.
The Langmuir maximum adsorption amounts of 11.4 mmol/g of benzene and
5.5 mmol/g of nitrobenzene on AC are corresponding to the amounts of monolayer
coverage of specific surface area of 1,360 m?*/g. Significant amount of carboxy
groups (3.75 mmol/g by Boehm titration) was introduced to carbon surface by the
oxidation, whereas no carboxy groups were detected before the oxidation. The result
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Fig. 1 Langmuir isotherms of benzene (a) and nitrobenzene (NBz) adsorption (b) in aqueous
solution onto activated carbon (AC, filled square), AC oxidized with conc. HNO3; (AC-Ox, open
circle) and AC oxidized and outgassed at 900°C (AC-OxOG, filled circle) [21]
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implied that the presence of carboxy groups could inhibit the benzene adsorption by
the withdrawal of Crm-electrons on the graphene layer of AC. The decrease in
Cr-electron density could significantly bring the weakness of m-m interaction
between AC graphene and benzene by the fact that the amount of basic site was
decreased from 0.60 meq/g to 0.00 meq/g (Boehm titration) by the oxidation.
Specific surface area was also decreased from 1,360 m*/g to 140 m?%/g by the
oxidation. This is partly caused by physical inhibition by oxygen functional groups
such as carboxy, lactone, and phenol groups. But the outgassing treatment at 900°C
regained basic site from 0.00 meq/g to 0.48 meq/g, and some amount of benzene
could adsorb again on AC-OxOG in Fig. 1. Specific surface area also increased again
from 140 m*/g to 650 m?/g corresponding to adsorption amount of benzene [21].

As for nitrobenzene (NBz), the adsorption performance was a little different from
benzene. Adsorption amount of NBz was not close to zero, but moderate adsorption
of NBz could be observed on AC-Ox. The different performance may be caused by
difference in dipole moments (D) between benzene and NBz; dipole moment of NBz
is 4.22, whereas that of benzene is 0.00. When ACs are oxidized, carbon surface will
be altered from hydrophobic to hydrophilic, and then n-m interaction between
benzene ring and graphene will be weakened. In case of NBz, adsorption configu-
ration can be estimated to switch from flat-on adsorption via m-m interaction to
end-on adsorption via weak electrostatic interaction between NBz and acidic oxygen
functional groups. We have not direct evidence for the end-on adsorption of NBz on
oxidized BAC(BAC-Ox), but as displayed in Fig. 1b, the adsorption amount of NBz
on AC-Ox exceeded that on AC-OxOG at equilibrium solution concentration (C,)
beyond 20 mmol/L in spite of a small specific surface area of only 140 m?/g of
AC-Ox. Ramis et al. examined adsorption of benzene and NBz on TiO,, ZrO,, and
Fe, 03 (hydrophilic surface) and observed flat-on orientation for benzene adsorption
but side-on (perpendicular) orientation for NBz [22]. This is caused by strong
n-electron withdrawal effect by nitro group in NBz. Chen et al. also observed the
alternation of adsorption orientation of phenyl hydroquinone (PHQ) on graphene
nanoplatelets from Langmuirian flat-on at low concentration and then to endwise
orientation at higher PHQ concentration in aqueous phase [23].

As long as strong oxygen functional groups like carboxy groups are not present in
graphene structure of ACs, the adsorption amount of mono-aromatics will be
approximately proportional to specific surface area due to the mechanism of
mono-layer Langmuir-type adsorption with n-m interaction between benzene ring
and graphene. When we use granular activated carbon (GAC) and remove large
organic molecules such as dyes dissolved in aqueous phase, larger pore diameter is
needed to accommodate the pollutants. Figure 2 represents adsorption performance
of small (NBz, mono-aromatics) and large (tannic acid) molecules to ACs as a
function of mesopore volume [24]. Normally ACs are rich in micropore and have
hydrophobic graphene surface; therefore, they are suitable for small organic mole-
cules as mono-aromatics. The adsorption amounts of mono-aromatics are usually
proportional to specific surface area and/or micropore volume. However, large bulky
molecules as tannic acid can adsorb only larger pore surface as mesopore and
macropore. As clearly shown in Fig. 2, although the amounts of nitrobenzene
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Fig. 2 Adsorption amount of nitrobenzene (NBz) (a) and tannic acid (b) as a function of mesopore
volume of various modified activated carbons (ACs) [24]

adsorption exhibit poor relationship with mesopore volume, those of tannic acid
uptake have a good relationship with mesopore volume [24]. Large bulky molecules
as dyes and tannic acid dissolved in water have ionic parts in their molecules;
therefore, large pore size is more important to capture them for AC structure than
small molecules. Mono-aromatics rather adsorb via w-x interaction (HOMO-LUMO
system) between aromatics adsorbates (MOMO) and carbon adsorbents (LUMO)
[25]. In adsorptive removal of organic contaminants in water, the following condi-
tions may be essential for activated chars and their surface:

(a) Some amount of specific surface area will be needed, probably at least 500 m?/g.

(b) Oxygen content should be minimized in the carbonaceous adsorbents at any
stage of production, storage, practical usage, and regeneration because oxygen
functional groups, particularly carboxy groups, always cause poor adsorption
behavior for the organic pollutants. Carbon materials can accumulate oxygen in
air even at the ambient conditions, and then the surface will be gradually
degraded with time.

(c) Adsorption speed is controlled by diffusion of organic contaminants in the pore
structure, and then fine powder and/or mesoporous structure will be required for
increasing the adsorption speed especially in aqueous phase. For example, fine
activated carbon powder was sprayed at the outlet of exhaust gas to even capture
gas phase dioxins in the waste incineration plant in Japan.

Since removal of organic pollutants has been a major role of activated carbons
(ACs) for a long time, above conditions for organic pollutants were fully satisfied in
the commercial production base of activated carbons (commercially available ACs),
thanks for the efforts in industries. Ideally when activated carbon (AC) and activated
carbon fiber (ACF) are composed of carbon and hydrogen and condensed poly
aromatic ring is formed, the size of graphene structure can be estimated as shown
in Fig. 3 [26]. Using the simple model, chemical formula and the number of benzene
ring can be easily estimated as an ideal case; e.g., if only 99.8 wt% carbon and 0.2 wt
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Fig. 3 Model of unit crystal graphene size of activated carbon (AC) [26]

% hydrogen are contained in AC or ACF, we can obtain chemical formula of
Cio00000H2500 and the number of benzene ring per one graphene sheet of
5.2 x 10°. In practice, graphene sheet is not flat because curved three-dimensional
graphene unit structure containing 5 and 7 membered rings and heterolytic atoms as
oxygen, nitrogen, and sulfur must be formed [27]. The porous structure is
constructed by the curved structure of graphene units; otherwise, all graphene sheets
become two dimensional with only sp> hybrid bonds (no sp> hybridization), and then
graphene sheets are binding each other resulting in little porous structure (small
specific surface area).

3 Adsorbents for Ionic Pollutants

There are various ionic pollutants in water environment such as heavy metals,
halogens, oxoacids, and some kinds of dyes. For adsorptive removal of the ionic
pollutants, ion-exchange resins [28] and metal oxides [29] have been utilized, but
carbonaceous materials can be used as well if suitable carbon surface modifications
can be made [26]. In this chapter, applicability of carbonaceous adsorbents of ACs
and ACFs for the removal of ionic contaminants in aqueous phase together with
current developments of new carbon/char adsorbents with heteroatom functions.
Some of them are successfully developed superior to ion-exchange resins, and the
others are under the development in the laboratory scale. Figure 4 displays the
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Fig. 4 Some surface Pb2* [Pb(lI)] Cd?* [Cd(Il)] Ni2* [Ni(I1)]
functions on graphene layer
required to effectively
capture cationic and anionic
contaminants from aqueous
phase [30]

CH3 NH,
H,PO, (HPO,%) NOz~  HCrO, (CrO4%, Cr,07%) [Cr(VI)]

concept of the modification on the heteroatom functionalized carbonaceous
adsorbent [30].

3.1 Cationic Contaminants
3.1.1 Surface Functional Groups for Cations

As represented in Fig. 4, carboxy (-COO H', -COO Na™), sulfonic (-SO; H",
-SO; " Na"), and thiol (-S"H", -S"Na") groups on carbon are widely proven to be
effective for the adsorption of cationic pollutants, such as lead(II) (Pb2+), cadmium
(IT) (Cd*), nickel(IT) (Ni**), and Cs(I) (Cs*) dissolved in water. Weakly negatively
charged Cr site is working as well for the adsorption sites of heavy metal ions.
Carboxy groups can be introduced to the carbon surface with oxidation by H,0,,
HNOj;, and (NH,4),S,05 [31], whereas it is hardly achieved that sulfonic acid can be
individually introduced on graphene layer of ACs although several attempts have
been done [32, 33]. Thiol functional groups (-SH) on carbon surface are also
applicable especially for the capture of cadmium(I) [34]. Thiol groups may be
more suitable for cadmium(II) uptake than for lead(II) on mesoporous silica mate-
rials, while carboxy groups on carbon are better for lead(II) than for cadmium
(ID) [35]. Assuming that thiol groups (Ar-S™H") could work as soft base and carboxy
groups (Ar-COO H") as hard base according to HSAB theory for Lewis acids and
bases, the pair of soft acid of cadmium ion (Cd**) and soft base of thiol groups
(Ar-S™) and that of medium acid of lead ion (Pb>*) and hard base of carboxy groups
(Ar-COO™) should be better combination than the opposite pairs of the heavy metals
and the surface functional groups.

In practice, the introduction of carboxy groups is probably the most feasible for the
modification of carbon surface to remove heavy metal cations. The amounts of carboxy
groups can be ultimately introduced with the order of (NH,4),S,0g > HNO; > H,0,. In
case of using HNOj as an oxidant, mixture of activated carbon (AC) and concentrated
HNO; is boiled generating blown colored NO, gas as the oxidation progressed, and
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Fig. 5 Surface oxygen-
containing acidic functional
groups and basic sites (Cn
sites) of HNO; oxidized AC
as a function of outgassing
temperature from 300°C to
1,000°C. The functional
groups were determined
with Boehm titration;
carboxy groups (filled
circle), lactone groups (filled
triangle), hydroxy groups
(open diamond), basic sites

(open circle) [36] 0 200 400 600 800 1000

Amount of functional groups,
mmol/g

Outgassing temperature, °C

acidic oxygen function as carboxy and lactone groups can be introduced on AC
surface. Figure 5 shows the changes in oxygen functional groups and basic sites on
activated carbon (AC) oxidized with 6 M HNO; and their outgassed materials
[36]. And Fig. 6 represents corresponding adsorption amounts of cadmium(Il) and
zinc(IT) cations and the ratio of discharged proton (H") over adsorbed cadmium(II) and
zinc(Il), respectively [36]. By the oxidation of AC, significant amounts of carboxy
(-COOR), lactone (-OCO-), and hydroxy (-OH) groups were introduced and gradually
decreased in carboxy and hydroxy groups by increasing outgassing temperature, and
the carboxy groups were disappeared until 700°C (Fig. 5). In contrast, basic sites (Cn
sites) were increased as electron withdrawal carboxy functions were decreased. On the
other hand, the lactone groups exhibit relatively constant values until 700°C indicating
that lactone groups can be converted to CO/CO, by decomposition, while a part of
lactone can be newly generated by dehydration of carboxy and hydroxyl groups. As
clearly seen in Fig. 6, the adsorption of cadmium(II) and zinc(I) was taken place with
ion-exchange mechanism because two protons were discharged, while one divalent
metal(I) cation was adsorbed when more than the stoichiometric amount of carboxy
groups was available on carbon surface as shown in Fig. 5.

2(~COOH) + Cd*" — (—C00),Cd + 2H*" (1)
2(~COOH) + Zn*" — (—C0O0),Zn + 2H* (2)

Contrarily when most of carboxy groups were removed from graphene layers as
CO/CO, and H,O0, and/or converted to lactone on the graphene, adsorption mech-
anism was switched from ion-exchange mechanism (Egs. (1) and (2)) to electrostatic
interactions between heavy metal cations and Cr-electrons on the graphene that
could have slightly negative charged properties. Similar electrostatic interactions
could be observed for lead(IT) adsorption [37]. Electron density of Cx sites could be
corresponding to basic sites of Boehm titration as also displayed in Fig. 5. The
electron density might be able to be easily reduced by electron withdrawing groups
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Fig. 6 Adsorption amounts of cadmium(II) (filled circle) and zinc(Il) (filled triangle) as a function
of outgassing temperature from 100°C to 1,000°C, corresponding molar ratios of discharged proton
(H*)/adsorbed cadmium(II) (open circle) and zinc(I) (open triangle) ((H*]/ 2[M>*]) in which [H*}/
2[M?*] is 1.0 and 0.0 which represent ion-exchange mechanism and Cr sites adsorption, respec-
tively [36]

of carboxy and lactone at the edge of graphene layer, but the Cx electron density
might be increased by the reduction of them leading to the rise in the adsorption
amounts of metal cations as could be seen in Fig. 6.

When greater amounts of heavy metal cations should be accommodated in ACs
and ACFs, oxidation with ammonium peroxodisulfate (APS, (NH4),S,0g) solution
is one of the most effective options to introduce abundant amounts of oxygen
functional groups [38, 39]. The APS oxidation can be conducted using ambient
temperature, although a few days or longer will be required to generate enough
carboxy groups on AC and ACF surface. Effective carboxy groups can be formed on
carbon surface by destructing the graphene edges and whole graphene basal plane.
Figure 7 shows changes in adsorption amounts of lead(Il) cation (Pb**) as a function
of APS oxidation time [38]. The adsorption amount of lead(I) is greatly improved
from only 0.1 mmol/g (non-oxidized BAC) to as much as 2.3 mmol/g (ca. 0.5 g-lead
(IT)/g-AC oxidized). On the other hand, specific surface area (Sggt) was unilaterally
declined during the oxidation as represented in Fig. 8 in which maximum adsorption
amounts of day 4 (30°C oxidation) and day 8 (20°C oxidation) were consistent with
the days losing their specific surface area (close to zero) [38]. The results indicated
that carboxy groups available for lead(IT) adsorption could reach the maximum after
measurable porous structures were completely destroyed (Fig. 8). As shown in Fig. 9
[38], carbon content was decreased from 94% down to 65% within first 2 days,
whereas oxygen was increased from 5% up to 35%, but after that the adsorption
amounts of lead(Il) went up until day 4 (30°C oxidation) and day 8 (20°C oxidation)
revealing that oxygen functional groups would be introduced by forming precursors
of carboxy groups (hydroxyl and/or carbonyl, etc.) until day 2 and then they might
be further converted to carboxy groups that were only effective function for the
adsorptive removal of heavy metal cations. Adsorption amount of lead(Il) can be
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Fig. 7 Increase in the
adsorption amounts of lead
(I) (Pb**) as a function of
oxidation time. Starting
materials; beaded-shaped
activated carbon (BAC,
Kureha Corporation).
Oxidation with ammonium
peroxodisulfate
((NHy)»S,0g) solution at
20°C (filled circle) and 30°C
(filled triangle). Solution
equilibrium pH (pH,) > 4.0.
Initial lead

(IT) concentration;

4.8 mmol/L [38]

Fig. 8 Decease in

B.E.T. specific surface area
of BAC from 1,380 m%/g to
less than 25 m%/g during
oxidation in peroxodisulfate
((NHy)»S,0g) solution at
20°C (filled circle) and 30°C
(filled triangle) [38]

Fig. 9 Changes in carbon
(filled circle and triangle)
and oxygen (open circle and
triangle) content during
oxidation in peroxodisulfate
((NHy)»S,0g) solution at
20°C (open circle) and 30°C
(open triangle) [38]
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Fig. 10 Relationship of the 6
proton discharged into water
(H* [mmol/g]) and the
amount of lead(Il) (Pb>*)
adsorbed onto oxidized
activated carbon fiber (Q.
[mmol/g]) by ion-exchange
process. Oxidized ACF
(KF1500) by (NH4),S,0g
(filled triangle and square),
carboxy functionalized
ion-exchange resin (open
circle) [39]

Discharged H*, mmol/g
w
[ |
|

Q,, mmol/g

significantly improved for activated carbon fiber (ACF) by the oxidation with
ammonium peroxodisulfate (APS, (NH4),S,0g5) as well. Figure 10 shows an
evidence of ion-exchange mechanism for the adsorption of lead(Il) onto oxidized
ACF (Toyobo Co., Ltd., Japan) and carboxy functionalized ion-exchange resin
(AMBERLITE™ IRC86) [39]. When one lead(Il) cation is uptaken on the adsor-
bents, two protons (H") are instead released from carboxy groups (-COO H") into
water, supporting ion-exchange mechanism. However, only 4.01 mmol/g of carboxy
groups was measured by Boehm titration despite as much as 2.79 mmol/g of lead
D) (Pb2+) adsorbed. The results reveal that an excess amount (2.79 X
2-4.01 = 1.57 mmol/g) of lead(Il) could adsorb on the oxidized ACF. We are not
sure, but some unknown sites may participate in the adsorption via ion-exchange. In
both AC and ACF, APS oxidation leads to the destruction of carbon structure
introducing nearly a half portion of oxygen in the total elemental composition.
Oxidized AC and ACF with the abundant oxygen are easily dissolved in the basic
solution (e.g., NaOH solution), thereby the extent of oxidation should be controlled
not to be dissolved in a practical use [38, 39], although much amount of carboxy
groups can be easily introduced onto graphene layers for AC and ACF. In our
oxidation procedure, 2 M (mol/L) APS ((NH,4),S,0g) in 1 M H,SO, solution was
mixed with AC (or ACF) at APS solution/AC ratio of 50 mL/g or more at 20-30°C
[38]. The 2 M APS solution and the mixing ratio of 50 mL/g-AC were most
important points to introduce sufficient amounts of carboxy groups (-COOH) intro-
duced onto graphene layer of ACs and ACFs. Since higher oxidation temperature
and longer oxidation period also cause the destruction of graphite structure of AC
and ACF, the temperature and period of APS oxidation should be suitably adjusted
depending on the properties of each AC and ACF [40].

In addition, even if AC surface can be successfully filled with carboxy groups by
the oxidation, as increase in the adsorption amount of heavy metal cations, pH of
aqueous solution will be decreased less than 4 by discharging corresponding
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amounts of protons (Fig. 10) resulting in stopping further adsorption caused by
competitive adsorption of abundant amounts of protons. Thereby, protons of
carboxy groups (-COO H™) should be replaced by sodium ions in NaCl/NaOH
solution forming —-COO Na™ as well as ion-exchange resin from the practical points
of view.

3.1.2 Adsorption Kinetics

Not only adsorption capacity but adsorption kinetics is an important aspect from
the practical point of view. In general, fine powder AC exhibits much faster
adsorption speed than granular AC. However, fine powder has disadvantage
because it is hard to be recovered after use for regeneration. On the other hand,
pseudo-second-order kinetics can be observed for granular AC in which diffusion
control kinetics is progressed [16]. To increase kinetic efficiency of granular AC,
mesoporous and/or macroporous AC should be prepared. As mentioned in the
previous section, mesoporous granular ACs were prepared from bamboo chips and
measured adsorption kinetics of lead(Il) as displayed in Fig. 11 [20] in which
pseudo-first-order kinetics rather than pseudo-second-order was fitted to the exper-
imental results, indicating that adsorption process was controlled by not diffusion
in the porous structure but collision to the adsorption sites in which no sterically
restriction in approaching the adsorption sites occurred. In this case, since
non-oxidized AC was examined (Cr sites), oxidized mesoporous AC (carboxy
groups) has not been clarified for kinetics yet. But, as long as we have examined,
pseudo-second-order kinetics is more applicable for oxidized ACF which is micro-
porous one before oxidation [39] and for most of other oxidized ACs and ACFs.

Fig. 11 Adsorption kinetics 0.10
of lead(II) on mesoporous
activated carbons (ACs)
derived from bamboo chips
(BC). ZnCl,/BC ratio of 1.0
(open circle) and 6.0 (open
diamond) in activation at
500°C. Dashed and solid
lines represent the
approximation curves by
pseudo-first-order and
pseudo-second-order kinetic
models, respectively. Initial
lead(II) concentration;

0.48 mmol/L [20] 0.00

0.08

0.06

0.04

0.02

Pb(ll) adsorbed, mmol/g
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3.2 Anionic Contaminants

3.2.1 Surface Functional Groups/Sites (Nitrogen and Crt Sites)
for Anions

Sodium, chloride, and hydroxy ions are not regarded as pollutants, but not only
fluoride, bromide, arsenic, and chromate but also nitrate and phosphate are also
regarded as contaminants in aqueous phase to be removed as mentioned in the
previous section. For the adsorption of cationic pollutants, oxygen-containing
(carboxy) and sulfur-containing (sulfonic and thiol) groups are effective to capture
Cs*, Pb**, Cd**, Ni**, Cu®", etc., while for adsorptive removal of anionic pollutants,
nitrogen-containing functions on the adsorbents are said to be desirable to attract
anionic impurities as F~, Br—, H,AsO, , HCrO, ", Cr,0,°~,NO, ,NO; ", H,PO, ",
etc. Table 1 displays some typical nitrogen-containing compounds and their nitrogen
hybridization (sp?, sp> orbital) and pK,, range that represents the degree of affinity to
protons (H") in aqueous phase. Aromatic amine (aniline, pK, 3-5)- and pyridine
(pK, 5-7)-type nitrogen species (N-6) cannot accept protons at pH above 7, and they
are negatively charged around neutral to basic region implying that repulsive force is
working between anionic pollutants and carbon surface. Alternatively, aliphatic
amine (pK, > 9) and quaternary nitrogen species (N-Q) are positively charged in a
wide range of solution pH. The aliphatic amine types can easily attract protons (H")

Table 1 Nitrogen hybridization and pK, ranges of nitrogen-containing compounds assuming
solution pH 7-8

Nitrogen-containing compound Nitrogen hybridization | pK, range

NH2 naphthyl-
amine sp> 3.5
‘ ~ quinoline X
Z X =
N N
/

pyridine acridine

pyrrolldlne PP sp° (Aliphatic amines) | 9<

® 5 W
& @N—R N
IS \_/ |

quaternary nitrogen (N-Q) family sp? (N-Q) Positively charged

sp2 5-7

Prepared using the data in refs. [41, 42]
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from weak acidic to weak basic region [41, 42]. They are sometimes detected on
carbon surface. Dioum and Hamoudi examined nitrate adsorption onto mesoporous
silica materials functionalized with propyl-ammonium (alkyl amine) and propyl-N,
N, N-trimethylammonium (N-Q) and observed effective progress in adsorption on the
surface nitrogen species in which nitrate (NO; ) adsorption capacities of
0.9-1.0 mmol/g-adsorbent were achieved [43]. On the carbonaceous materials,
such sufficient amount of effective nitrogen has not been introduced yet. Other
than effective nitrogen species of alkyl amine and quaternary nitrogen (N-Q), Cxn
electrons on graphene layers play a role of nitrate adsorption as well as heavy metal
cations because Cr electrons can accommodate protons at acidic region (pH 3-5)
and the positively charged surface attracts nitrate anion. In the same way of the
adsorption of heavy metal cations, Cxn electrons can show their ability only in the
absence of electron-withdrawing oxygen functional groups. Figure 12 shows adsorp-
tion isotherms of nitrate on de-ashed activated carbon (AC, Calgon F400) and ACs
oxidized and outgassed at 600°C and 900°C, respectively [44]. The properties of
adsorbents including oxidized AC are tabulated as well in Table 2 [44]. The de-ashed
AC adsorbed nitrate by 0.1 mmol/g. The de-ashed AC was oxidized with § M HNO;
solution at 95°C to introduce acidic oxygen functional groups, washed with pure
water using Soxhlet extractor, and calcined in air for 6 h to completely decompose
the nitrate ions remained in the carbon. The oxidized AC was referred to as Ox in
Table 2. Ox was outgassed by heat treatment in inert gas at 600°C (Ox-60G) and
900°C (0Ox-90G) to remove oxygen as CO/CO, and H,O [45]. There are some
amounts of carboxy and lactone groups in de-ashed AC (F400). The acidic oxygen
functional groups increased by oxidation (Ox). We could not observe any nitrate
adsorption on Ox revealing that acidic oxygen functional groups of carboxy and
lactone might withdraw Cr electrons on graphene layers leading to inhibiting nitrate
adsorption. Some adsorption occurred on Ox-60G, but the adsorption amounts were
less than those of F400 because carboxy and lactone groups on Ox-60G were
considerably reduced from those on Ox, but they are greater than F400. No detection

Fig. 12 Adsorption 0.25
isotherms of nitrate on
activated carbons (AC,
F400) at 25°C. Original 0.20
de-ashed F400 AC (open o
square, Ox), oxidized F400 :o 0.15
and outgassed at 600°C £ '
(filled triangle, Ox-60G), £
and oxidized F400 and = 0.10
outgassed at 900°C (filled ¢}
circle, Ox-90G) [44]
0.05
0.00 L L

0 1 2 3
C., mmol/L
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of carboxy and lactone groups and the largest adsorption amount of nitrate could be
observed for Ox-90G. Thereby, the amounts of carboxy and lactone groups might
be adversely proportional to the adsorption amounts of nitrate.

3.2.2 Surface Nitrogen (Alkyl Amine Type)

As shown in Table 1, alkyl amine type of nitrogen such as benzylamine (BA),
phenethylamine (PA), and piperidine (PP) can accommodate protons (H") in a wide
range from acidic to weak basic region (solution pH < 9) [41, 42]. Although
adsorption capacity of Cn electrons sites is greatly influenced by solution pH,
principally alkyl amines are always positively charged as long as pH is less than
9. For the present, alkyl amines have never been detected on carbon surfaces.
Alternatively, mono-aromatic amine compounds were mixed with solution to
inspect the effect of the amines on the adsorption of nitrate onto AC surface.
Figure 13 represented the possibility of the effectiveness of alkyl amine on the
carbon for nitrate adsorption [46]. The adsorption of nitrate was conducted in the
presence of aniline (AN), benzylamine (BA), and phenethylamine (PP). Comparing
to absence of the amines, co-existence of the molecular amines in aqueous phase
could improve the adsorption amount of nitrate. The enhancement of nitrate adsorp-
tion was most pronounced for phenethylamine and then benzylamine and slightly
effective of aniline. The order of the effectiveness is consistent with pK, values
(acidity) of phenethylamine (pK, 9.83) > benzylamine (9.33-9.34) > aniline (4.87)
[41, 42]. The results were supported by the fact that the propyl-ammonium (alkyl
amine, R-NH,) on mesoporous silica materials became suitable adsorption sites as well
[43], whereas aromatic amine like aniline in which amine groups were directly bound
to aromatic ring (aromatic amine, Ar-NH,) cannot be effective function to capture
nitrate anion. Consequently, improvement of nitrate adsorption might be promising for
ACs if amine groups possessing pK, values greater than 9, e.g., benzylamine,
phenethylamine, and piperidine, can be successfully introduced on the carbon surface.

Fig. 13 Adsorption of 0.35
nitrate on activated carbon
(AC, de-ashed F400) at
25°C in the presence of g 0.30
aniline (AN, open triangle), g
benzylamine (BA, filled € 025
diamond), and _=
phenethylamine (PA, filled ‘o
circle). Equilibrium solution Cz) 0.20
pH (pH,) 2.0, initial ~
concentration of chloride (¢} 0.15 4
[Cl]p: 30 mM [46]
0.10 L L
0 1 2 3

Q, (aromatic compound), mmol/g
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In addition to anionic pollutants, alkyl amine function, in the case of mesoporous silica
materials, is useful for cationic pollutants such heavy metal ions as cadmium(II) and
lead(II) in neutral and basic region (solution pH > 7-8) in which loan pair of nitrogen
atom in amine groups can preferably accommodate cationic ions as well as protons
(H") by forming covalent bond with the loan pair of nitrogen [47, 48]. Therefore, alkyl
amine functionalized carbon can be utilized for adsorptive removal of both anions
(acidic and neutral region) and cations (neutral and basic region) when it will be
successfully prepared in the future as well as mesoporous silica materials.

3.2.3 Surface Nitrogen (Quaternary Nitrogen, N-Q)

In our previous study, the introduction of alkyl amine, piperidine, and quaternary
nitrogen (N-Q) was attempted. In the several trials, only quaternary nitrogen (N-Q)
has been able to be doped on the carbonaceous adsorbents to some extent. According
to the procedure of the research group in Pennsylvania State University in which AC
was oxidized first and then ammonia gas treated at 700°C [49], bead-shaped
activated carbon (BAC, Kureha Corporation) was oxidized with APS
((NH4),S,0g) solution followed by ammonia gas treatment at 950°C and then
supplied for adsorption experiment of nitrate [50]. In our study, ammonia treatment
temperature was altered from 700°C (Penn State temperature) to 950°C due to
thermodynamically favorable temperature to form quaternary nitrogen (N-Q) at
950°C referring to the study by Pel et al. [S1]. In principle, carbonization is the
endothermic reaction of dehydrogenation releasing hydrogen and oxygen as
CO/CO, and H,O and also nitrogen and sulfur as ammonia and hydrogen sulfide.
Rising treatment temperature, transformation of pyrrolic nitrogen (N-5) to pyridinic
nitrogen (N-6) is firstly taken place, and then condensation of carbon matrix will be
progressed to spread graphene unit together with incorporation of nitrogen as N-Q
(=N*<) in the graphene layers as a result [51]. Figure 14 represents adsorption
isotherms of nitrate on as-received AC (BAC) and AC oxidized followed by

Q,, mmol/g

04 0.1
pH, 2.5 pH, 4.0 pH, 5.5
0.0 7% : . 0.0 % . . 0.00% . .
0 2 4 6 0 2 4 6 0 2 4 6
C,, mmol/L C,, mmol/L C., mmol/L

Fig. 14 Langmuir isotherms of nitrate adsorption on as-received AC (open triangle) and oxidized
and ammonia gas-treated (950°C) AC (open circle) in ambient temperature at equilibrium solution
pH (pHe) 2.5 (a), 4.0 (b), 5.5 (¢) [50]
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ammonia treated AC (Ox-9.5AG) as a function of equilibrium solution pH (pH.)
2.5-5.5 [50]. The as-received AC has neither acidic oxygen groups nor nitrogen
species, and then all adsorption sites are estimated to be Cr sites, thereby adsorption
amounts of nitrate increase with lowering pH,, due to larger proton concentration at
low pH, indicating that more positively charged surface can attract nitrate anion. The
difference between as-received AC and Ox-9.5AG could be attributed to the differ-
ence in N-Q content introduced to Ox-9.5AG. The specific surface area of AC
(1,380 m*/g) is much larger than Ox-9.5AG (770 m?/g) also supporting that N-Q
sites on Ox-9.50G can play a specific role for the greater nitrate adsorption [50].

A high nitrogen content material of melamine form was also supplied for the
preparation of nitrogen-containing carbonaceous adsorbent. Melamine sponge (ML,
Fuji Gomu Co., Ltd.) was impregnated with ZnCl, solution (ML to ZnCl, ratio of
3 and 6), dried at 110°C, and activated at 500°C [52]. The carbonized materials were
named as Z3 and Z6. Specific surface area of the melamine sponge (ML) was only
1 m?/g, but it improved by the ZnCl, activation to 58 and 99 m*/g for Z3 and Z6,
respectively. The Z3 and Z6 were further treated with methyl iodide (CH3I) to
principally convert N-6 remaining on Z3 and Z6 to N-Q (Z3-Q and Z6-Q) via
nucleophilic substitution reaction (Sy2) as displayed in Eq. (3).

— o —
CHyl —— —
<\ />”+ s LT (3)

N-6 N-Q

Figure 15 shows the results of screening test of nitrate adsorption on the mela-
mine form-derived carbonaceous materials [52]. Surprisingly starting material of
melamine form itself adsorbed nitrate ion to some extent even though specific
surface area was only 1 m%/g (0.1% of usual values of ACs). We are not sure but
nitrogen species and/or some sponge structure may contribute to the adsorption. The

0.8

0.4+

Q,, mmol/g
|

0.2

ML Z3 Z6 Z3-Q Z6-Q

Fig. 15 Adsorption of nitrate on melamine sponge (ML), ML activated with ZnCl, at 500°C by
ML/ZnCl, ratio of 3 and 6 (Z3, Z6) and their CH;I treated (N-6 to N-Q converted) materials (Z3-Q,
76-Q). Initial nitrate concentration: 200 mg/L, equilibrium solution pH (pH.) 3—4 [52]
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Fig. 16 Adsorption 1.0
isotherms of nitrate on
7ZnCl, activated melamine
sponge (Z6, open circle) and 0.8
post-CHjl-treated Z6 to -
convert N-6 to N-Q (Z6-Q, =o 0.6
filled circle). Equilibrium £
solution pH (pH,.) 3—4 [52] S
03 0.4
0.2
0.0
0 2 4 6 8
C., mmol/L
Fig. 17 Influence of 0.6
equilibrium solution pH
(pH.) on the adsorption of
nitrate onto ZnCl,-activated
melamine sponge (Z6, open o
circle) and post- = 04
CH;l-treated Z6 to convert g
N-6 to N-Q (Z6-Q, filled £
circle) [52] -
o 02}
0.0 1 1 1 1

ZnCl, activation improved nitrate adsorption from 0.2 mmol/g to 0.4-0.5 mmol/g
for Z3 and Z6. Post methyl iodide (CH;]) reaction could slightly increase the nitrate
adsorption amount for Z6. As representing adsorption isotherms of nitrate on Z6 and
76-Q in Fig. 16 [52], Z6-Q is superior to Z6 at equilibrium solution pH (pH,) 3—4
probably due to greater amount of quaternary nitrogen (N-Q) on Z6-Q. The above
estimation was supported by Fig. 17 [52] because Z6-Q maintained the adsorption
amounts of nitrate ranging pH. 2-8, but steep decline of nitrate adsorption was
observed from pH, 4 to 8 for Z6 sample. The results implied that constant positively
charged N-Q could be dominant on Z6-Q. In this case, N-Q sites were only
influenced by chloride ions (Cl7) in acidic region and hydroxy ions (OH") in
basic region. On the other hand, the surface of Z6 might be occupied with other
nitrogen species (N-5, N-6) and/or Cr sites which is always influenced by solution
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pH leading to the wide range of surface proton (H*) concentrations from acidic
(higher proton concentration) to basic region (lower proton concentration).
Activated carbon fiber (ACF) is a useful carbon material from the point of
handling. Nitrogen doping into ACF was conducted by thermal chemical vapor
deposition (CVD) by charging acetonitrile (CH;CN) into ACF [53]. Rayon-based
ACF (Toyobo Co., Ltd.), namely, KF1500, was employed as a starting material.
KF1500 is microporous ACF produced as a commercial product from cellulose
(rayon polymer), and it has average pore diameter (D,,) of 1.8 nm and specific
surface area (Sggr) of 1,540 m?/ g. In our study at first KF1500 was further activated
with super heat steam at 800°C to expand pore volume by sending pure water to
quartz tube readily heated in a tube furnace at the desired temperature in which
KF1500 sample (2-3 g) was placed on a boat. In the next step, the flow of steam was
switched to the acetonitrile liquid under inert gas flow, and nitrogen deposition with
thermal CVD started, and nitrogen was continuously doped inside KF1500 accom-
panied by plugging the pore structure with carbonization of acetonitrile. Since the
resultant KF1500 must have contained more than 4% nitrogen but very small
specific surface area around 10 m?g, post-heat treatment at 950°C and steam
activation at 800°C were carried out to raise the N-Q content by converting N-6 in
doped nitrogen to N-Q [51] and increase specific surface area [54], respectively.
Figure 18 shows nitrate adsorption onto modified KF1500 ACFs compared with
those derived from phenol resin referred to as PhR (Kynol, Gun Ei Chemical
Industry Co., Ltd.) [53]. The pristine material of KF1500 adsorbs nitrate by
0.36 mmol/g, and it contains 0.33% of quaternary nitrogen (N-Q) because some
nitrogen compounds were mixed with rayon resin in the process of manufacturing
KF1500. The further steam activation of KF1500 at 800°C (KF-8ST30) in our
laboratory resulted in the increase in adsorption amount of nitrate from 0.36 to
0.55 mmol/g by expanding specific surface area from 1,560 to 1960 m*/g, but no

N
3

Fig. 18 Adsorption amount 0.8
of nitrate on ACFs derived &
from phenol resin (PhR) and
ACFs modified of KF1500
(KF) and corresponding
quaternary nitrogen content
(N-Q, filled diamond) in
ACFs. 8ST10; steam
activation at 800°C by 0.2
charging 10 mL water,

9.5HT30; heat treated at

950°C for 30 min, 8AN20; 0
thermal CVD at 800°C by <
charging 20 mL of
acetonitrile. Initial nitrate Q“Gb
concentration of 200 mg- &
NO; /L, equilibrium &
solution pH (pH,) 3.0 [53] d
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N-Q was detected. Thereby the increase in nitrate adsorption is attributed to not N-Q
content but Cr sites increased by enlarging graphene sheets exposed. While just heat
treatment of KF1500 (KF-9.5HT30) makes the adsorption amount increase up to
0.52 mmol/g, only nitrogen doping with acetonitrile into KF1500 (KF-8AN20)
could not improve nitrate adsorption even though N-Q content is increased as
great as 1.95%. This is caused by plugging of pore during nitrogen doping with
acetonitrile at 800°C supported by the fact that only 10 m?/g of specific surface area
could be measured for KF-8AN20. Then several combinations of steam activation at
800°C (8ST), nitrogen doping with acetonitrile at 800°C (§8AN), and heat treatment
to form N-Q at 950°C (9.5HT) were attempted, and the order of stream activation,
nitrogen doping, heat treatment, and steam activation again (KF-8ST10-8AN20-
9.5HT30-8ST30) was found to be the optimum for nitrate adsorption of 0.74 mmol/g
among all combinations examined in the study. At the same time N-Q content is
1.86% next to 1.95% of KF-8AN20, although specific surface area is a little declined
from 1,540 m*/g (KF1500) to 1,360 m*/g (KF-8ST10-8AN20-9.5HT30-8ST30). On
the other hand, for phenol resins (PhRs) similar treatments without nitrogen doping
(PhR-8ST10-9.5HT30-8ST30) were conducted, and no N-Q was detected and
adsorption amount of nitrate attained 0.49 mmol/g. Similar treatments also applied
to KF1500 (KF-8ST10-9.5HT30-8ST30) and similar results with PhR were obtained
for nitrate uptake. The above results imply that nitrogen doping at 800°C followed
by heat treatment at 950°C and finally steam activation may be one of the best
procedures to maximize both specific surface area and N-Q contents exposed on
ACF surface. Figure 19 represents XPS Nls signals of pristine KF1500 and
nitrogen-doped KF1500 (KF-8ST10-8AN20-95HT30-8ST30) [53]. When
trimethylammonium (quaternary amino groups, a kind of N-Q)-functionalized
ion-exchange resin was used for nitrate adsorption, adsorption amount of nitrate
was constant for a wide range of equilibrium solution pH as shown in Fig. 20 [55]

% KF1500 340 L KF1500
N 5
ol (a) (pristine) 290 | (b) /N (modified)
Q + 240 | 7
> 50 - : 190 |
2 5
5 30| 2 140
= £ 90t}
10+
40

_10 1 1 1 1 10 - 1 1 1
396 398 400 402 404 406 396 398 400 402 404 406
Binding energy, eV Binding energy, eV

Fig. 19 XPS Nls spectra and deconvolution results of KF1500 (pristine (a) and modified (b)).
Modified conditions; steam activation at 800°C by 10 mL water, nitrogen thermal CVD doping at
800°C with 20 mL acetonitrile solvent, heat treatment at 950°C in inert gas for 30 min, and steam
activation at 800°C by 30 mL water again (KF-8ST10-8AN20-95SHT30-8ST30) [53]
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Fig. 20 Influence of 1.5
equilibrium solution pH

(pH.) on nitrate adsorption <><>

onto trimethylammonium <> <> 6> O <>
(quaternary amino groups)- <>

functionalized ion exchange i

resin (HP555). Initial nitrate
concentration of 200 mg-
NO; /L [55]
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Fig. 21 Influence of 0.6 N\
equilibrium solution pH A a

(pH.) on nitrate adsorption A
onto modified KF1500

(KF-8ST10-8AN20- A
9.5HT30-8ST10). Initial 0.4 - O % O
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nitrate concentration of
0.2 e o

200 mg-NO3 /L (open
0.0 1 1 1

triangle), 100 mg/L (open
diamond), and 40 mg/L
(filled circle) at ambient
temperature [56]

Q,, mmol/g

indicating that N-Q could adsorb nitrate independent on solution pH due to posi-
tively charged nitrogen of N-Q (R-N*(CHj3);Cl™) which strongly attracted nitrate
anion. N-Q composition and content of the nitrogen-doped KF1500 compared with
N-6 are much greater than the pristine KF1500. Based on the results, specific surface
area and N-Q content are estimated to play an important role for the nitrate adsorp-
tion. To inspect the hypothesis, influence of solution pH on the adsorption of nitrate
onto the nitrogen-doped KF1500 was inspected using various initial concentrations
of nitrate as displayed in Fig. 21 [56]. In the figure, the number of variations of initial
concentrations of nitrate was limited to 3, but we can explain the adsorption sites of
the nitrogen-doped KF1500. As long as we understand considering our previous
study, Cr sites are strongly influenced by solution pH; when solution pH is adjusted
with HCI and NaOH, in acidic region protons (H") are concentrated on Cr sites, and
the positively charged graphene attracts nitrate anion, but much amount of CI™ anion
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(strong HCI acid) hinders the approach of nitrate (NO3 ™) onto the positive surface
charge with competitive adsorption between Cl1~ and NO3 ™. In NaOH basic region,
OH"™ is competitive with NO;3 ™, and graphene layer itself becomes negative charge
causing the decline of nitrate adsorption. As can be seen in Fig. 21, equilibrium
adsorption amount of nitrate (Q.) exhibits the maximum value (0.59 mmol/g) at pH 3
and gradually decreased toward 0.3 mmol/g at pH 5 to 8 in case of the initial nitrate
concentration of 200 mg/L. Similar tendency was observed for the initial nitrate
concentration of 100 mg/L, but nearly constant amounts could be seen for 40 mg/L.
The results reveal that there are strong adsorption sites that can be always positively
charged in changing solution pH and weak adsorption sites that are easily influenced
by solution pH; the former should be N-Q sites, and the latter can be Cr sites. When
the total adsorption amount is about 0.6 mmol/g, a part of it can be attributed to Cn
sites (0.3 mmol/g); the other part will be come from N-Q sites (0.3 mmol/g).
Polyacrylonitrile (PAN) fiber is one of the promising materials to prepare
nitrogen-containing adsorbents because it contains 20% nitrogen in the PAN struc-
ture at the flame-resistant forms [57]. White colored polymer of polyacrylonitrile
(PAN) resin is at first carefully treated in air to stabilize the PAN resin [58-60];
otherwise, PAN fiber will be easily turned to carbon cake without remaining fiber
morphology in the post-activation process at S00°C or more. In the first stage, we
prepared the flame-resistant PAN fiber to optimize air treatment conditions [60], but
commercially available black colored insolubilized PAN fiber, namely, PYROMEX
was purchased from Teijin Co., Ltd. (former Toho Tenax Co., Ltd.), to accelerate the
examination of post-activation treatments. Since PYROMEX fiber is supplied as a
felt shaped material, we can easily handle PYROMEX for the various treatments. At
first, PYROMEX (hereafter designated as PYR) was activated with steam at 800°C
to improve the porous structure. Three grams of PYR were placed in a quartz tube
and heated up to 800°C, and then 20 mL pure water was charged into quartz tube to
develop porous structure in PYR with super-heated steam (PYR-8ST20).
PYR-8ST20 was further treated at 950°C in inert gas to convert N-6 to N-Q species
[51]. For the comparison, cellulose-based KF1500 was heat-treated at 950°C as well.
Figure 22 displays the SEM images of the materials revealing that original morphol-
ogy can be maintained after the steam and heat treatments. In Table 3 were shown
properties of the prepared samples [57]. Specific surface area of PYR went up from
9 m*/g to 790 m*/g (PYR-8ST20) by the steam activation, whereas nitrogen content
significantly declined from 20.9% to 5.6%. Post-treatment of PYR-8ST20 at 950°C
for 30 min (PYR-8ST20-9.5HT30) resulted in the decline of specific surface area
and nitrogen and oxygen content. N-Q content was also decreased from 0.56% to
0.51%, but adsorption amount of nitrate went up from 0.47 mmol/g (PYR-8ST20) to
0.64 mmol/g (PYR-8ST20-9.5HT30) [57]. The increase in adsorption amount of
nitrate can be attributed to not only N-Q content but also lower oxygen content,
because oxygen including acidic functional groups on carbon surface can inhibit
nitrate adsorption [57]. KF1500-9.5HT30 was used as a reference material because
heat treatment at 950°C could reduce acidic oxygen functional groups. Resultant
oxygen content was 10.6% close to the value of PYR-8ST20-9.5HT30 (9.3%), and it
has twice larger specific surface area but less N-Q content than PYR-8ST20-
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(8 \l:\fR/f $T20:9.5HT30- x 5000 (SEM, JEOL)
: /_". \ | '. Y N

(b) KF1500-9.5HT30

— T —

Fig. 22 SEM image of PAN-based ACF (a) (upper pictures, PYR-8ST20-9.5HT30) and cellulose-
based ACF (b) (lower pictures, KF1500-9.5HT30) as a reference material using scanning electron
microscope (JEOL JSM-6510) [57]

9.5HT30. Figure 23 shows the adsorption of nitrate as a function of equilibrium
solution pH (pH,) at the initial nitrate concentration of 50 mg/L (a) and 200 mg/L
(b) [57]. PYR-8ST20-9.5HT30 is always better than KF1500-9.5HT30 at any
condition; however, maximum points can be observed at the initial nitrate concen-
tration of 50 mg/L for the both adsorbents, but not at 200 mg/L. In the lower nitrate
concentration, adsorption amount is easily influenced by co-existing anions as
chloride (C17) and hydroxide (OH™) in acidic and basic regions, respectively.
Furthermore, decreasing slopes toward neutral region are more pronounced for
PYR-8ST20-9.5HT30 than KF1500-9.5HT30 indicating that pH-insensitive N-Q
sites are dominant for PYR-8ST20-9.5HT30, whereas pH-sensitive Cr sites are
predominant for KF1500-9.5HT30 as well.

Other than nitrate, anionic contaminant of phosphate can be removed with the
PYR adsorbents. In our experiences, adsorbents suitable to nitrate cannot be directly
applied to the capture of phosphate, although phosphate is also present in aqueous
phase as negatively charged anions in a wide range of solution pH above 2 (non-ionic
H3PO, species at solution pH less than 2). In case of PAN ACF (PYROMEX)),
activation with K,CO3 may be the best procedure for the preparation of adsorbent to
remove phosphate. The original fiber morphology is not changed even though the
chemical activation with K,COj is employed. When other chemicals such as ZnCl,,
H;PO,4, and KOH were used for activation, fiber morphology was broken from the
pristine PYROMEX status. The K,CO; activation was conducted at 800°C in the
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Fig. 23 Influence of equilibrium solution pH (pH.) on the amount of nitrate adsorption onto
PYR-8ST20-9.5HT30 (filled circle) and KF1500-9.5HT30 (filled triangle) at the initial nitrate
concentrations of 50 mg-NO; /L (a) and 200 mg-NO; /L (b). Adsorption conditions; 30 mg
adsorbent dosage into 15 mL nitrate solution [57]
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Fig. 24 Equilibrium adsorption amount of phosphate (Q.) on PYR-KCl(or 2, 3, 4, 5) (light bar)
and PYR-KCl(or 2, 3, 4, 5)-9.5HT30 (dark bar). Initial KH,PO, concentration; 3 mmol/L,
adsorbent dosage; 2 g/L [61]

impregnation ratio of K,CO3/PYROMEX ranging 1-5 by step 1, referred to as
PYR-KC3 in case of the impregnation ratio of 3. Post-heat treatment at 950°C for
30 min was carried out for PYR-KC1(and 2, 3, 4, 5) to obtain PYR-KCl1(and 2, 3,
4, 5)-9.5HT30 as well. Figure 24 displays the adsorption of phosphate on the ten
prepared samples from PYROMEX [61]. All heat treatment samples captured
greater amount of phosphate than all corresponding samples before the heat treat-
ment. In the PYR-KC-9.5HT30 series, PYR-KC3-9.5HT30 exhibited exceptionally
better adsorption performance than the other PYR-KC-9.5HT30 series. Table 4
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shows textural and surface properties of the ten samples prepared from PYROMEX
using K,CO; activation [61]. For PYR-KC series, lower N-Q and higher oxygen
content (oxygen functional groups) might reduce the adsorption amounts of phos-
phate compared to PYR-KC-9.5HT30 series. After the heat treatment, oxygen-
containing functional groups must have been removed, and N-Q content was
increased. PYR-KC3-9.5HT30 is better than PYR-KC1-9.5HT30 because pore
structure has not been sufficiently developed although N-Q in PYR-KC1-9.5HT30
(0.50 wt%) is slightly larger than PYR-KC3-9.5HT30 (0.46 wt%); effective adsorp-
tion sites of N-Q might not be exposed to phosphate anion due to lower specific
surface area. On the other hand, even though PYR-KC5-9.5HT30 has larger specific
surface area than PYR-KC3-9.5HT30, adsorption amount of phosphate of the latter
is greater than the former. This is caused by significant decrease in N-Q content of
PYR-KC5-9.5HT30 (0.25 wt%) compared with PYR-KC3-9.5HT30 (N-Q, 0.46 wt
%). Consequently PYR-KC3-9.5HT30 is the optimum adsorbent for phosphate
removal under the balance of N-Q and oxygen content and specific surface area
including the extent of exposure of N-Q on the carbon surface.

Nitrogen-doped ACs and ACFs can be derived from numerous materials and
procedures; thereby, we believe that there are still much room to develop more
excellent materials to capture anionic contaminants such as bean dregs (by-product
in the production of bean cake that is “TOFU” in Japanese) that contains nitrogen by
4.6 wt% in dry base [62] and bamboo activated with ZnCl, followed by ammonia
(NH3) gas treatment at 950°C [63]. Nitrogen doping with thermal CVD treatment of
ACF by aniline in place of acetonitrile was effective for arsenic (As(V); HAsO42_,
AsO47) adsorption as well [64, 65]. Hexavalent chromium (Cr(VI)) is dissolved in
aqueous phase as anions such as Cr20727, Cr0427, and HCrO,~ [66]. These Cr
(VI) species can be captured with above N-doped materials [62, 63].

4 Conclusion

Modification of activated carbon is effective for improving adsorption affinity and
capacity of organic and inorganic pollutants in water. Small and large molecules,
e.g., mono-aromatics and tannic acids, respectively, are included as organic mole-
cules. Heavy metals of cations (Cd**, Pb>*, Ni**, etc.) and anions (NO;~, H,PO, ™,
HAsO427, Cr20727, etc.) are involved in inorganic pollutants. For adsorptive
removal of organic contaminants, high specific surface area sometimes with meso-
and macropore and less oxygen content are preferable for ACs and ACFs. To capture
cationic heavy metals, carboxy, sulfonic, and thiol groups ACs and ACFs are
effective on, although only sulfonic function has not been sufficiently formed yet
on carbon surface. For the adsorptive removal of anionic contaminants, nitrogen
functional groups such as quaternary nitrogen (N-Q) and alkyl amine and less
oxygen groups may be essential to effective uptake of anions. N-Q functional ACs
and ACFs are now under development, but binding alkyl amine onto carbon surface
has still been challenging subject.
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