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Abstract
In this study, polyacrylonitrile (PAN)-based carbon fiber with high nitrogen content was activated at 800 °C with sodium 
carbonate and heat-treated at 950 °C to prepare activated carbon fiber (ACF), and the results of nitrate ion adsorption on 
the prepared ACF are presented. CHN elemental analysis, XPS measurement, and Boehm titration were used to determine 
the nitrogen content and surface functional groups of ACF. It is discussed that the total amount of nitrogen decreases, 
whereas quaternary nitrogen (N-Q) increases upon heat treatment. The decrease in adsorption capacity of the prepared 
activated carbon under different storage conditions is shown. It is observed that the adsorption capacity of nitrate ion 
at equilibrium pH (pHe) 5 is halved after 5 weeks, and the decrease in adsorption capacity at pHe 3 is suppressed. The 
adsorption isotherms of the prepared ACF are shown using the Langmuir equation. The effect of pH on the adsorption 
capacity of the prepared ACF is compared with that of ACF before heat treatment and zinc chloride-activated powdered 
activated carbon. The adsorption capacity of ACF without heat treatment at 950 °C decreases as the pHe of the solution 
increases, and the pH of the nitrate solution including ACF after heat treatment is stable at pHe 4–5.
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Article highlights

•	 Activated carbon fiber with high quaternary nitrogen 
content was prepared by Na2CO3 activation of PAN-
based carbon fiber.

•	 Storage of activated carbon fiber in vacuum and in 1 M 
hydrochloric acid solution was stable.

•	 ACF with heat treatment at 950 °C had a solution equi-
librium pH of 4–5 and a stable adsorption rate.

Keywords  Activated carbon fiber (ACF) · Nitrate ion adsorption · Polyacrylonitrile (PAN) fiber · Quaternary nitrogen 
(N-Q) · Storage method

1  Introduction

Pollution by nitrate ion causes eutrophication, and red 
tides in coastal zone [1, 2]. These problems further lead 
to deterioration of landscape, odor, and adverse effect 

on ecosystem of aquatic organisms. There is a possibil-
ity that infants become methemoglobinemia by taking 
polluted ground water with nitrate ion [3]. Nitrate ions 
uptaken into the human body may also produce N-nitros-
amines, which are precursors of cancer in the digestive 
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system [4]. Therefore, removal method for nitrate ion is 
widely and urgently needed. There are several reports on 
removal methods for nitrate ion including adsorption, ion 
exchange [5, 6], reverse osmosis [7], and biological deni-
trification [8]. Adsorption is easy to operate and low cost 
[9, 10].

Activated carbon (AC) including activated carbon fiber 
(ACF) is also one of the most common adsorbents in water 
purification [11]. AC is insoluble in water, making it easy 
to recover and can be used repeatedly as an adsorbent 
by washing with acid and/or base. AC is characterized by 
its porous structure and the presence of many functional 
groups. The abundance of functional groups such as car-
boxyl, carbonyl, phenol, lactone, and quinone groups 
makes it particularly well suited for the removal of organic 
materials [12].

The adsorption performance of ACF depends on sur-
face area, pore distribution, and surface chemistry. This 
study focused on improving the performance of the 
adsorbent by modifying the surface chemistry. The nega-
tively charged functional groups of AC such as carboxyl, 
carbonyl, phenol, lactone, and quinone groups do not 
adsorb anions including nitrate ions. Previous studies have 
revealed that quaternary nitrogen (N-Q) and C-π sites can 
be adsorption site of activated carbon [13]. As the posi-
tively charged N-Q content on the activated carbon sur-
face increases, the amount of nitrate ion adsorption also 
increases. On the other hand, pyridinic nitrogen (N-6) and 
pyrrolic nitrogen (N-5) are slightly negatively charged 
repelling nitrate ions. A proton is adsorbed on the C-π site 
at low pH to become positively charged surface, and the 
nitrate ion is adsorbed on the protonated surface. There-
fore, C-π sites are easily affected by solution pH and do 
not work at higher pH. N-Q and C-π sites increase when 
activated carbon is heat-treated to release hydrogen and 
spread graphene-like structures. N-6 and N-5 become 
N-Q during the treatment at higher temperature [14].

There are various methods for doping AC with nitro-
gen, including the use of ammonia gas [15], nitrogen-rich 
biomaterials [16], and urea [17]. In this study, activated 
carbon fiber (ACF) is prepared by activating polyacry-
lonitrile (PAN) carbon fiber with high nitrogen content 
with sodium carbonate, based on a report by Sakamoto 
et al. and Machida et al. [18, 19]. PAN-based carbon fiber 
activated by sodium carbonate is felt-like, easy to mold, 
and easy to wash. Sodium carbonate was selected because 
it is more environmentally friendly than zinc chloride [20].

There have been few studies on the degradation of ACF 
due to long-term storage. Therefore, we investigate the 
degradation of adsorption capacity of prepared activated 
carbon under different storage conditions. The prepared 
ACF is felt-like and can be easily collected from solution. 

Therefore, we examined storage method of ACF soak-
ing in a liquid. For the liquid, we used hydrochloric acid 
and sodium hydroxide. Therefore, we soak ACF in a liquid 
whose pH was adjusted with hydrochloric acid and/or 
sodium hydroxide to preserve it.

In Sect. 3.1 are shown the physical properties of ACF 
from CHN elemental analysis, XPS measurements, and 
Boehm titration to indicate the physical properties of ACF. 
In the next section, the decrease in adsorption capacity 
of the prepared activated carbon under different storage 
conditions is displayed. It is observed that the adsorption 
capacity of nitrate ion at equilibrium solution pH (pHe) 5 
is halved after 5 weeks, and the decrease in adsorption 
capacity at pHe 3 is suppressed. In Sect. 3.3, the adsorption 
isotherms of the prepared ACF are shown using the Lang-
muir equation. In Sect. 3.4, the effect of pH on the adsorp-
tion capacity of the prepared ACF is compared with that 
of ACF before heat treatment and zinc chloride-activated 
powdery activated carbon. The adsorption capacity of ACF 
without heat treatment at 950 °C decreases as the pHe of 
the solution increases, and the pH of the nitrate solution 
containing ACF after heat treatment is stable at pHe 4–5.

2 � Materials and methods

2.1 � Sample preparation

2.1.1 � Sodium carbonate activation

A commercially available air-stabilized PAN-based carbon 
fiber, PYROMEX (Teijin Ltd, hereafter denoted as PYR), 
was used as the precursor for the adsorbent. PYR is a PAN-
based carbon fiber with a high nitrogen content of 20% 
[21]. PYR was activated with Na2CO3 to increase surface 
area. Sodium carbonate in the same mass as PYR (8 g) was 
dissolved in 500 mL of distilled water, and the PYR soaked 
in this solution was stirred for 24 h. It was then dried in an 
oven at 110 °C for at least 12 h. PYR was heated in a tube 
furnace at 800 °C for 30 min under a nitrogen gas atmos-
phere. The prepared ACF was washed with 1 M hydrochlo-
ric acid and boiling distilled water to remove remaining 
sodium carbonate. The ACF was dried in an oven at 110 °C 
overnight. Based on the combination of PYR, sodium car-
bonate activation (SC), treatment temperature of 800 °C, 
and weight ratio of sodium carbonate of 1.0, the prepared 
sample was designated as PYR-8SC1.

2.1.2 � Heat treatment

Heat treatment (annealing) was performed to convert 
N-5 and N-6 nitrogen on PYR-8SC1 to N-Q. PYR-8SC1 
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was heated in a tube furnace at 950 °C for 30  min 
under a pure helium gas atmosphere, in which quartz 
wool was placed in front of PYR-8SC1 sample to uni-
formly maintain the high temperature. That heat-
treated ACF was designated as PYR-8SC1-9.5HT30.

2.1.3 � Zinc chloride activated carbon

As a sample for comparison, zinc chloride activated 
carbon was also prepared according to the report by 
Kino et al. and Matsuzawa et al. [22, 23]. Four times 
the mass of ZnCl2 of PYR was dissolved in distilled 
water. ZnCl2 was not completely dissolved at room 
temperature and the solution remained turbid. The 
PYR was soaked in this solution and dried in an oven 
at 110 °C for at least 12 h. The PYR was heated in a 
tube furnace at 850 °C for 30  min under a nitrogen 
gas atmosphere in which fibrous morphology of PYR 
was no longer maintained. The prepared activated 
carbon (AC) was washed with 1 M HCl and boiling in 
distilled water, then thoroughly washed in a Soxhlet 
extractor overnight to remove any remaining zinc 
chloride. AC was heated at 950 °C for 10 min in a tube 
furnace under a helium gas atmosphere and desig-
nated PYR-8.5Z4-9.5HT10.

2.2 � Elemental analysis

CHN elemental analysis was performed to determine 
the nitrogen content of ACF. Samples dried overnight 
at 110 °C were wrapped in tin foil and burned at 1000 °C 
to determine the content of carbon (C), hydrogen (N), 
and nitrogen (N) using TCD detector. Composition of 
ACF was assumed to be only C, H, N, and oxygen (O). 
The sum of the obtained compositional content of C, H, 
and N was subtracted from 100%, to calculate the con-
tent of O [24]. The measured samples were PYR-8SC1, 
PYR-8SC1-9.5HT30, PYR, and as a reference adsorbent 
of PYR-8.5Z4-9.5HT10.

2.3 � Scanning electron microscopy

The morphology of ACF activated with sodium carbon-
ate and AC activated with zinc chloride was compared by 
SEM images. The images were taken by scanning electron 
microscopy (SEM, JSM-6510 A, Japan).

2.4 � X‑ray photoelectron spectroscopy

Surface characterization of ACF was conducted by 
X-ray photoelectron spectroscopy (XPS). The N1s sig-
nal obtained by XPS measurements was deconvoluted 

to pyridine nitrogen (N-6, 398.7 ± 0.3 eV), pyrrole nitro-
gen (N-5, 400.4 ± 0.3  eV), quaternary nitrogen (N-Q, 
401.1 ± 0.3 eV), and pyridine N-oxide (N-X, 402–404 eV) 
[14, 25].

2.5 � The surface area and pore size distribution

The surface area and pore size distribution of the prepared 
ACF were determined from N2 adsorption-desorption iso-
therms at − 196 °C using a BELSORP-mini II surface analyzer 
(MicrotracBEL, Japan). Surface area (SBET), average pore 
size (Davg) and total pore volume (Vtotal) were obtained by 
the BET method. Micropore volume (Vmicro) was obtained 
by the t-plot method. Mesopore volume (Vmeso) was calcu-
lated by subtracting Vmicro from Vtotal.

2.6 � Boehm titration

Boehm titration was carried out to determine the acidic 
functional groups including N-Q on the ACF. Boehm titra-
tion is a method to calculate the functional groups on a 
surface using the difference in acidity between the adsor-
bent and the adsorbate [26]. An 80 mg of ACF was added 
to 40 mL of 0.05 M base solution (Na2CO3, NaHCO3, NaOH) 
or 0.05 M HCl. They were shaken at 100 rpm for 72 h. After 
shaking, 5 mL of each solution was sampled and titrated 
with 0.05 mol/L HCl. As for 0.1 mol/L HCl, back titration was 
performed by adding 10 mL of 0.1 mol/L NaOH. The con-
centration difference of NaHCO3 (pKa 6.37) before and after 
the reaction indicates the number of carboxy groups (pKa 
3–6), and the number of carboxy and lactone groups (pKa 
7–9) can be calculated from the concentration difference 
of Na2CO3 (pKa 10.25). Similarly, the number of carboxy, 
lactone, and phenol groups (pKa 8–11) can be calculated 
as the total acidic functional groups from the NaOH con-
centration difference (pKa 15.74). Previous studies have 
reported that acidic functional groups containing oxygen 
are decomposed by heat treatment [27], and the tem-
perature at which the decomposition begins is reported 
to be 100–700 °C [28]. In other words, most of the acidic 
functional groups in the ACF prepared in this study must 
be decomposed by sodium carbonate activation at 800 °C. 
The carboxy groups detected by Boehm titration could be 
considered as N-Q.

2.7 � Nitrate ion adsorption

In this study, nitrate ion adsorption was executed in batch 
system. A 15 mL of 200 mg-NO3

−/L sodium nitrate solution 
was added to 30 mg of sample. The solution was stirred at 
room temperature for at least 24 h. The concentration of 
nitrate ions before and after adsorption was measured by 
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ion chromatography (ICS-1100, Nippon Dionex KK, Japan). 
Equilibrium adsorption was determined by Eq. (1).

 where, C0 and Ce indicate the initial and the equilibrium 
nitrate concentration (mmol/L), respectively, V depicts 
solution volume (mL), and W represents the weight of 
adsorbent (mg).

2.8 � Effect of storage conditions on degradation

Differences in degradation of adsorbent over time due to 
different storage methods were examined. Samples were 
stored for 5 weeks, during the period the equilibrium 
adsorption capacity for nitrate ions was examined with 
1-week intervals, using the same procedure as mentioned 
in Sect. 2.5. Five preservation methods were used; air and 
vacuum preservation, and preservation being impreg-
nated with 1 M HCl, NaCl, and NaOH. Air and vacuum stor-
age were carried out in an Erlenmeyer flask and in a cubic 
shaped desiccator for the vacuum conditions, respectively. 
Comparison was made between pHe 3, which adsorbs 
an optimal amount of nitrate ions, and pHe 5, similar to 
groundwater and the other environmental water.

2.9 � Adsorption isotherm

To investigate the adsorption characteristics of ACF, 
adsorption isotherms were prepared. The adsorption 
experiments for nitrate ions were conducted using 
sodium nitrate solutions with the initial concentrations of 
10-1000 mg-NO3

−/L at pH 3, using the same procedure as 
described in Sect. 2.4. The equilibrium concentration Ce 
(mmol/L) and equilibrium adsorption amount Qe (mmol/g) 
at each initial concentration were applied to the follow-
ing Langmuir equation to calculate maximum adsorption 
capacity Xm (mmol/g) and Langmuir adsorption affinity 
Ke (L/mmol) [29].

3 � Results

3.1 � Characterization of prepared samples

The results of CHN elemental analysis are shown in 
Table 1. Comparing PYR-8SC1-9.5HT30 with PYR-8SC1, 
the N content was reduced from 2.3 to 1.2 after the heat 
treatment. On the other hand, the amount of nitrate 
ions adsorbed increased suggesting that nitrogen such 

(1)Qe =
(C0−Ce)V

W
,

(2)
Ce

Qe

=
1

Xm
Ce +

1

XmKe

as N-5 and N-6, which have negative charges that might 
repel nitrate ions, was removed from ACF in the form of 
ammonia or quaternized on the surface by heat treat-
ment at 950 °C. Oxygen (O) also decreased, indicating 
that acidic functional groups such as carbonyl groups 
and lactones that repel nitrate ions were removed from 
ACF in the form of CO and/or CO2.

Figure 1 shows SEM images of the prepared ACF and 
AC. In PYR-8.5Z4-9.5HT10 activated with zinc chloride, 
it was observed that the fibers stuck to each other due 
to the strong dehydration effect of zinc chloride. On the 
other hand, PYR-8SC1-9.5HT30, which was activated 
with sodium carbonate, was found to retain its fibrous 
form.

XPS data are exhibited in Fig.  2  and Table  2. As 
expected from the elemental analysis, the amount of 
nitrogen decreased but that of N-Q increased, suggest-
ing that the heat treatment enhanced the quaterniza-
tion of nitrogen. Compared to the relatively stable N-6, 
the amount of N-5 was more reduced by the heat treat-
ment. Therefore, the inhibition of nitrate ion adsorption 
by N-5 also decreased and the amount of adsorbed ion 
increased.

The surface area and pore size distributions are shown 
in Table 3. The surface area of ACF increased after heat 
treatment at 950 °C, while pore size distributions were 
slightly decreased. This would be due to the fact that the 
fiber itself became thinner, rather than to the formation of 
pores, as a result of the heat treatment.

The results of Boehm titration are displayed in Table 4. 
Since the carboxyl group is considered to be released from 
ACF as carbon dioxide by the heat treatment [28, 30], it is 
expected that only N-Q corresponds to NaHCO3 adsorp-
tion. This result also supports the fact that N-Q is increased 
by the heat treatment.

3.2 � Effect of storage conditions on degradation

The effect of storage conditions on the degradation of the 
prepared ACF was examined, and the results are shown in 
Fig. 3. At pHe 5, the C-π sites are affected by the decrease 
in adsorption capacity due to the lack of protons. This 

Table 1   Elemental compositions and Qe of samples

a Calculated by balance

Sample Composition (wt%) Qe (mmol/g)

C H N Oa

PYR 60 3.49 21.2 15 –
PYR-8.5Z4-9.5HT10 85 0.29 5.2 10 0.70
PYR-8SC1 91 0.04 2.3 7 0.41
PYR-8SC1-9.5HT30 95 0.11 1.2 4 0.56
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Fig. 1   Morphology of a PYR-
8.5Z4-9.5HT10 and b PYR-
8SC1-9.5HT30

suggests that N-Q, which is less sensitive to solution pH, 
is more susceptible to degradation over time. It is unlikely 
that nitrogen naturally disappears from ACF. Therefore, the 
degradation of N-Q would be due to oxidation by oxygen 
in the air.

The decrease in adsorption capacity of ACF stored in 
vacuum and 1 M HCl was relatively small and 75% of the 
average decrease for all storage methods. Vacuum pres-
ervation prevented N-Q from oxidation because ACF was 
less exposed to air. On the other hand, 1 M HCl preserva-
tion made it easier for nitrate ions to adsorb by charging 
protons to the C-π sites in ACF. Therefore, a large amount 
of protons may be present on the surface, leading to the 
inhibition of oxidation. Comparing nitrate and chloride 
ions, the latter is more easily adsorbed [31], so it is pos-
sible that the adsorption sites for nitrate ions is protected 
by chloride ions during ACF storage.

3.3 � Adsorption isotherms

Figure 4 shows the Langmuir isotherms for each sam-
ple when the initial concentration was adjusted to 
10–1000 mg-NO3

−/L and equilibrium solution pH (pHe) 
3. Table 5 shows the values of each parameter calcu-
lated from the experimental data. Comparing PYR-
8SC1 before heat treatment with PYR-8SC1-9.5HT after 
the treatment, the maximum adsorption Xm increased 
by ca. 1.5 times, suggesting that the heat treatment 
may have quaternized the nitrogen. Comparing 

PYR-8SC1-9.5HT and PYR-8SC1-9.5HT(HCl),  there 
was almost no change in Xm. However, for PYR-8SC1-
9.5HT(HCl), the equilibrium adsorption Qe increased 
from the Langmuir equation when the equilibrium 
concentration Ce was around 5 mmol/L. This would be 
due to the adsorption of nitrate ions on protonated 
surface in the pores of ACF that did not enter when 
the concentration was low [19].

3.4 � Effect of equilibrium pH

Figure 5 shows the effect of equilibrium solution pH (pHe) 
on the adsorption capacity for nitrate ions. The nitrate 
adsorption capacity of PYR-8SC1-9.5HT30 was stable at 
around pH 5, which is the same as that of environmen-
tal water such as groundwater. At around pH 5, nitrate 
adsorption by C-π sites did not occur, and nitrate adsorp-
tion by N-Q sites works. PYR-8SC1-9.5HT30 showed similar 
adsorption capacity to PYR-8.5Z4(30)-9.5HT10 at solution 
pHe above 5. Zinc chloride is so strong activated agent 
that AC cannot retain its fibrous morphology probably due 
to severe dehydration effect. PYR-8SC1-9.5HT30 is useful 
because it had a similar adsorption capacity for nitrate 
ions at pH close to that of ambient water and retained its 
fibrous quality. The effect of solution pH on the adsorption 
of PYR-8SC1-9.5HT30 and ACF (PYR-8SC1-9.5HT30(HCl)) 
stored in 1 M HCl was also unchanged. On the other hand, 
at high pH, the adsorption of nitrate ions decreased due to 
the competitive adsorption of nitrate and hydroxide ions.
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Fig. 2   XPS N1s spectra of a PYR-8.5Z4-9.5HT10, b PYR-8.SC1, c PYR-8SC1-9.5HT30

Table 2    N species (N1s) 
of samples determined by 
elemental analysis and XPS 
measurement

Sample N total (%) N-6 (wt %) N-5 (wt %) N-Q (wt %) N-X (wt %)

PYR-8.5Z4-9.5HT10 5.2 2.6 0.46 1.5 0.68
PYR-8SC1 2.3 0.74 0.67 0.37 0.49
PYR-8SC1-9.5HT30 1.2 0.33 0.23 0.51 0.17

Table 3   The surface area and 
pore size distribution of ACF

Sample SBET (m2/g) Vtotal (cm3/g) Vmeso (cm3/g) Vmicro (cm3/g) Davg (nm)

PYR-8SC1-9.5HT30 1420 0.68 0.006 0.67 1.91
PYR-8SC1 1370 0.71 0.015 0.70 1.93
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The nitrate adsorption uptake capacities of PYR-8SC1-
9.5HT30 are shown in Table 6, along with other reported 
adsorbents. The results show that PYR-8SC1-9.5HT30 can 
effectively adsorb and remove nitrate in water.

4 � Conclusion

In this study, PAN-based fibers were activated with sodium 
carbonate at 800 °C  for 30 min and thermal treatment 
at 950 °C for 30 min to produce activated carbon fiber 

(PYR-8SC1-9.5HT30). The fiber-like shape of PYR-8SC1-
9.5HT30 allows for easy processing and recovery of the 
adsorbent after adsorption. The adsorption properties 
of nitrate ions were investigated by adsorption of nitrate 
ions on the prepared activated carbon fibers. Acidic func-
tional groups that repel nitrate ions such as –COOH and 
–COO– were decreased by heat treatment resulting in the 
increase of the adsorption capacity of nitrate ions. The 

Table 4   Surface oxides on 
carbon of ACF by Boehm 
titration

Sample COOH and/or 
N-Q (mmol/g)

COO (mmol/g) OH (mmol/g) Total (mmol/g) Basic (mmol/g)

PYR-8SC1 0.07 0.30 0.92 1.28 1.45
PYR-8SC19.5HT30 0.17 0.17 0.98 1.32 1.28

Fig. 3   Influence of storage conditions on the amount of NO3
− 

adsorption a at pHe 3 and b at pHe 5

Fig. 4   Adsorption isotherms of nitrate at equilibrium solution pHe 3

Table 5   Langmuir parameters for nitrate adsorption onto prepared 
samples

Sample Ke (L/mmol) Xm (mmol/g)

PYR-8.5Z4(30)-9.5HT10 3.72 1.13
PYR-8SC1-9.5HT30(HCl) 4.14 0.89
PYR-8SC1-9.5HT30 2.02 1.03
PYR-8SC1 3.00 0.67
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degradation of ACF over time was also examined to deter-
mine a suitable storage method and to study the effect of 
equilibrium solution pH (pHe) on the adsorption capacity. 
The effect of degradation by long time storage on adsorp-
tion at pHe 3 was small. Even if adsorption occurs at pHe 
5, degradation can be prevented by vacuum storage or 
hydrochloric acid storage. At pHe 4–5, which is close to 
groundwater, the adsorption capacity of the prepared ACF 
for nitrate ions is stable and has potential for application 
in actual environmental water.
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Table 6   Comparison of nitrate ions adsorption on various adsorbents

Adsorbents pHe Adsorption capac-
ity (mmol/g)

References

Live solid waste-based carbon activated using ZnCl2 4 0.09 Nassar et al. [32]
PC-P posttreated with urea solution 2 0.45 Nunell et al. [33]
Modified Lignite Granular Activated Carbon 5 0.07 Khan et al. [34]
Activated carbon prepared from sugar beet bagasse 3 0.24 Demiral and Gunduzoglu [35]
cetyltrimethylammonium chloride pre-loaded activated carbon 3 0.07 Xia et al. [36]
PYR-8SC1-9.5HT30 3 0.56 This study
PYR-8SC1-9.5HT30 5 0.41 This study
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