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Abstract
In this study, the production of porous carbon fibers from viscose fibers was investigated. The effects of final carboniza-
tion temperature (600–1000 °C) and heating rate (6–600 °C  h−1), which determine the carbonization process, on carbon 
yield, and specific surface area were investigated using a central composite design. The statistical models found were then 
used to optimize both the yield and the porosity of the carbonized fibers, which are the most important factors for further 
use as precursors for activated carbon fibers. Despite the contrary effects, porous carbon fibers with a yield of 21.2% could 
be produced, which at the same time have a specific surface area of 175 m2  g−1. The fibers produced were also characterized 
by SEM, FTIR and Raman spectroscopy, XRD and CHNS analysis.
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1 Introduction

Cellulose, the main component of plant cell walls, is the 
most abundant organic compound on the planet [1]. Due 
to this unique status as a renewable and environmentally 
friendly raw material, cellulose plays an important economic 
and technical role [2]. One of the most important industries 
depending on cellulose is the textile industry, where cellu-
lose fibers account for a third of all textile fibers. With a pro-
duction of more than 5 million tons per year, the production 
of viscose fibers is of essential importance for this economic 
sector [3]. It is estimated that the production of such viscose 
fibers will even further increase by 3.1% per year [4].

In Germany alone, 1.5 million tons of old clothes are col-
lected every year, and the trend is rising. Only about 43% of 
this quantity is suitable for the second-hand market. Apart 
from its use as insulation material and cleaning utensils, the 
rest (approx. 20%, 300,000 tons) has to be disposed of. One 
way to recycle these waste products from viscose is to con-
vert them into porous carbon fibers. Even if the carbon fibers 
obtained in this way do not find application in lightweight 
construction or for the reinforcement of extrusion parts due 
to their low strength, they are still useful as source material 
for activated carbon. Activated carbon has a large applica-
tion potential, from electrode materials for supercapacitors 
[5–7] and batteries [8, 9] to air [10, 11] and water filters [12, 
13], storage media [14–17] and catalytic support [18, 19].

This work aims to carbonize viscose fibers in such a way 
that they have a high yield and at the same time the highest 
possible specific surface area to obtain well-suited precur-
sor materials for activated carbon fibers [3, 20, 21]. Instead 
of treating the precursor with alkali metal hydroxides and 
thus carbonizing and activating the fibers in one step, a two-
stage process was chosen in which the carbonization can be 
observed separately from the activation. In the second step, 
the carbonized fibers can be physically activated, with the 
advantage compared to chemical activation, that the fibers do 
not have to be washed and no foreign atoms are introduced 
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[22–24]. The final carbonization temperature was limited to 
a maximum of 1000 °C, as higher temperatures are known to 
reduce the specific surface area of porous carbons [21]. The 
lower temperature limit of 600 °C was selected to achieve 
the complete carbonization of the fibers [25]. To explore 
the fundamentals of the carbonization process, newly pro-
duced viscose fibers are used instead of discarded ones to 
ensure a consistent quality of the starting fiber and to exclude 
influences by other materials. In contrast to previous litera-
ture, both the carbonization temperature and the heating 
rate are to be investigated [26, 27]. So far, there has been 
little research interest in optimizing the surface area [28]. 
If the influence of the carbonization conditions on the spe-
cific surface area was examined, then a one-factor-at-a-time 
approach was usually chosen instead of also investigating 
interactions between the individual factors using statisti-
cal analysis. A design of experiments approach also has the 
great advantage that it proposes parameters for optimiza-
tion after successful modeling of response surfaces [29]. In 
this way, the optimal carbonization conditions can be found 
concerning yield and specific surface area for viscose fibers.

2  Materials and methods

2.1  Materials

Viscose fibers (1.7 dtex, 39 mm, Lenzing AG, Austria) 
were washed thoroughly with distilled water and dried in 
an oven at 90 °C for 24 h. After drying, the residual mois-
ture was determined using a moisture analyzer (MX-50, 
A&D Company, Japan) at 105 °C until the mass remained 
constant (EN 322). To determine the ash content, 5 g  (w1) 
of dried fibers were incinerated at 525 °C in a muffle fur-
nace until mass constancy  (w2) was reached [30]. The per-
centage of ash was calculated by:

2.2  Carbonization

The carbonization of the raw precursor was carried out by 
loading 100 g into a chamber furnace (HTK 8 W, Carbolite 

(1)Ash =

(

w2

w1

)

⋅ 100%.

Gero GmbH, Germany). After the evacuation of the cham-
ber, a nitrogen flow of 100  l  h−1 was established. The 
sample was heated from room temperature to the desired 
temperature with a chosen heating rate and then held iso-
thermal for 30 min.

2.3  Experimental design

Design of experiment, a popular statistic tool for modeling 
and analysis of multi-parameter processes, was used to opti-
mize the carbonization process. A central composite design 
(CCD) was employed to design the carbonization experi-
ments. In this study, the effect of two independent variables, 
A (final carbonization temperature) and B (carbonization 
heating rate) at three levels was investigated (Table 1). A 
total of 13 experiments consisting of 4 factorial points, 
4 axial points and 5 replicates at the central point were 
employed (Fig. 1). The data were analyzed using Design 
Expert software version 10 (stat-Ease Inc., USA).

The relationship between the variables and each response 
Y could be described as a second-degree polynomial quad-
ratic equation (2):

Fig. 1  Visualization of the experimental space used in the CCD. The 
center point was produced five times to estimate the experimental 
error. The data points are labeled with the corresponding run numbers

Table 1  Independent variables 
and their levels for the CCD

Independent variables Unit Symbol Coded variable levels

− 1.682 − 1 0 + 1 + 1.682

Final carbonization temperature °C A 600 659 800 941 1000
Carbonization heating rate °C  h−1 B 6 93 303 513 600
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where  b0 is the constant value,  bi is the regression coeffi-
cients of the individual linear effect,  bii is the quadratic effect 
and  bij is the interaction between the variables, k is the num-
ber of factors studied (k = 2 in this case) and ε the error or 
noise observed in the response [31].

2.4  Characterization of the carbonized fibers

2.4.1  Specific surface area

To determine the specific surface area, carbon dioxide 
adsorption isotherms at –78  °C were determined by an 
automatic volumetric sorption analyzer (Autosorb-iQ, 
Anton Paar GmbH, Austria). The adsorbed gas volume on 
60–70 mg of the sample was measured at a relative pres-
sure range of 0.1–0.4. Specific surface area was calculated 
by the Brunauer–Emmet–Teller (BET) method. Before the 
gas sorption measurements, the samples were outgassed at 
400 °C for 2 h under vacuum at a heating rate of 120 °C  h−1.

2.4.2  Scanning electron microscopy (SEM)

The electron micrographs were recorded using an Auger 
Microscope JAMP-9500F (JEOL, Japan). The system was 
operated with an accelerating voltage of 10 kV and an elec-
tron beam current of 20 nA, which resulted in a lateral reso-
lution of approx. 20 nm.

2.4.3  Raman‐spectroscopy

The size and structure of carbon domains in the fiber were 
evaluated using a LabRAM ARAMIS setup (HORIBA Sci-
entific, Germany). A Nd:YAG laser with a wavelength of 
532 nm and a grating with 600 grooves/mm was chosen 
for operation. For each sample at least 15 measurements 
on different fibers were performed. Proper fitting of the 
relevant phonon bands, namely the D and G band was done 
using Lorentzian models, as suggested by Sadezky et al. 
[32]. Three further Raman active disorder peaks  (D2,  D3, 
and  D4) appear in the region of the main peaks and have 
been fitted with two Lorentzian and a Gaussian function 
[33].

The crystallite size along the basal plane  (La) was cal-
culated by Eq.  (3), which was proposed by Ferrari and 
Robertson [34] They found that for small crystallite sizes 
(< 20 nm), the peak ratio is proportional to  La

2 and not to 

(2)Y = b0 +

k
∑

i=1

bixi +

k
∑

i=1

biix
2
i
+

k-1
∑

i=1

k
∑

j=i+1

bijxixj + �,
1/La. The variables  IG and  ID are the peak areas of the cor-
responding G- and D-bands [35, 36].

2.4.4  Fourier‐transform infrared (FTIR) spectroscopy

A VERTEX70 (PIKE GladiATR, Bruker, USA) spectrom-
eter was used for IR-measurements using the transmittance 
mode. A background spectrum was recorded before the 
experiments. A total of 64 spectra per measurement in the 
range of 600–4000 cm−1 with a resolution of 2 cm−1 were 
recorded. Subsequently, the spectrum was baseline corrected 
and evaluated using the OPUS software.

2.4.5  CHNS‑analysis

The elementary composition of the precursor and the 
samples produced was determined using a FlashEA 1112 
(Thermo Fisher Scientific, Inc., USA). The temperature of 
the furnace was 900 °C, the oxygen flow was 250 ml  min−1. 
A 2 m long Porapak GC column was used to separate the 
gases.

2.4.6  X‑ray diffraction (XRD)

Crystallinity studies were performed using XRD. Before 
the measurement, the carbonized fibers were ground using 
a mortar mill (MS10, Retsch, Germany). The XRD patterns 
were recorded in 2θ range from 5° to 50° using a Philips 
X’Pert Pro XRD system in Bragg–Brentano geometry oper-
ating with Cu Kα-radiation with an acceleration voltage of 
45 kV.

The recorded spectra were smoothed and baseline cor-
rected. The region below the baseline is attributed to an 
instrumental background signal which may include air and 
incoherent scattering. The apparent crystallite size, for a 
given reflection, was calculated using the Scherrer equation 
(4) as follows [37]:

where θ is the Bragg angle for the reflection concerned, 
λ is the wavelength of the radiation (wavelength of 
0.154056 nm), L(hkl) is the mean length of the crystal-
lite perpendicular to the planes (hkl), β is the width at half 
maximum intensity, and K is a Scherrer parameter (0.89 for 
half-widths).

(3)L2
a
=

ID

0.55 ⋅ IG
.

(4)L(hkl) =
K ⋅ �

� ⋅ cos (�)
,
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3  Results and discussion

The chemical composition of the viscose fibers and the 
results of moisture and ash analysis have been determined 
at least twice and are shown in Table 2. At 0.32%, the ash 
content determined in this way is relatively low compared 
to the literature [38]. The deviations from pure cellulose 
result from residual moisture. The difference between the 
summed values and 100 wt% represents mainly the propor-
tion of oxygen that is not bound as water and could not be 
analyzed directly. This results in an O content of 49.11 wt%.

Table 3 shows the experimental conditions for the prepa-
ration of the carbonized fibers generated by Design Expert 
software. The fibers are characterized by yield  (Y1), and 

specific surface area  (Y2); the results are listed in Table 3 
as well.

3.1  Analysis of variance (ANOVA)

To analyze how adequate the chosen models are, analysis 
of variance (ANOVA) was applied at a confidence level 
of 95%. The ANOVA data for the coded quadratic models 
for the responses are shown in Tables 4 and 5. Based on 
the ANOVA analysis for the carbonization yield, the sig-
nificant effects are final carbonization temperature (A), 
heating rate (B) and the interaction effects AB,  A2, and 
 B2. The final model in terms of coded factors for the yield 
 (Y1) is shown in Eq. (5).

Both the carbonization temperature and the heating rate 
have a negative effect on the yield. Therefore, an increased 
carbonization temperature or heating rate results in a lower 
yield. However, the interaction of two factors seems to 
have an inverse effect. The response model for the specific 
surface area  (Y2) is shown in Eq. (6).

Fischer variance values (F-value), defined as the model 
mean square divided by the error mean square, were com-
pared with critical F-value, which is  F0.05,5,7 = 3.97 for 
both models (0.05 is the false-rejection probability, 5 is 
the degree of freedom of regression, and 7 is the degree 
of freedom of residual error) [29].

(5)
Y1 = 18.0 − 0.28A − 1.28B + 0.19AB + 0.06A2 + 0.38B2,

(6)
Y2 = 155.36 − 7.94A − 5.94B − 0.60AB − 19.49A2 + 6.82B2.

Table 2  Results of the CHNS-, 
moisture- and ash-analysis of 
the precursor

Chemical composition/wt% Proximate analysis/wt% Rest (most 
likely O)/
wt%

C H N S Moisture Ash
40.21 6.20 0.00 0.00 4.16 0.32 49.11

Table 3  Experimental design matrix and results of the carbonization

Run A/°C B/°C h−1 Y1/% Y2/m2 g−1

1 800 303 18.22 155.0
2 800 303 18.27 152.9
3 800 6 21.15 174.9
4 941 513 17.61 130.1
5 1000 303 17.87 102.3
6 659 93 20.10 157.3
7 800 600 16.84 160.1
8 659 513 17.67 145.2
9 941 93 19.29 144.6
10 600 303 18.83 127.5
11 800 303 18.24 157.5
12 800 303 18.26 154.2
13 800 303 18.14 157.2

Table 4  ANOVA of the yield 
 (Y1)

Source Sum of squares Df Mean square F-value p-value Prob > F

Model 14.80 5 2.96 38.95 < 0.0001 Significant
A 0.62 1 0.62 8.16 0.0244
B 13.02 1 13.02 171.31 < 0.0001
AB 0.14 1 0.14 1.84 0.2167
A2 0.025 1 0.025 0.32 0.5866
B2 1.02 1 1.02 13.37 0.0081
Residual 0.53 7 0.076
Cor total 15.33 12
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At 38.95, the F-value for the yield of the carbonized 
fibers is about 10 times higher than the critical F-value, 
which makes the model significant. There is only a 0.01% 
chance that a “Model F-value” this large could occur due 
to noise. The significance of each coefficient is evaluated 
by an individual p-value. The lower the p-value, the more 
significant is the variable. With a p-value of less than 0.05, 
the terms A, B and B² are significant model terms. Thus, 
both the carbonization temperature and the heating rate 
have a significant influence on the yield. The F-value of 
the quadratic models for the specific surface area is with 
126.32 very high, indicating a high significance [40]. The 
probability that such an F-value will result from back-
ground noise is only 0.01%. Here, the final carboniza-
tion temperature is the most significant parameter with a 
p-value lower than 0.0001. In addition, the heating rate is 
also significant with a p-value of 0.0003 as well as both 
quadratic terms A² and B².

3.2  Response surface analysis

3.2.1  Yield

The relationship between yield, carbonization temperature, 
and heating rate as provided by the selected model is graphi-
cally illustrated in Fig. 2. Overall, the model fits well with 
the sample points; practically all points are located on the 
response surface. The center points, which were produced 
5 times, show only a small standard deviation of 0.046%.

The yield can be significantly increased over the entire 
temperature range by reducing the heating rate. The influ-
ence of temperature is low, especially at high heating rates, 
but at slow heating rates, the yield decreases with increasing 
temperature. This decrease in yield with increasing tempera-
ture has already been observed for other cellulose-based pre-
cursors [21, 26, 41, 42]. The lowest yield of 16.9% according 
to the model prediction is achieved with high temperature 
(1000 °C) and a fast heating rate (600 °C  h−1). A theoretical 
maximum yield of 21.7% can be achieved with a slow heat-
ing rate and low temperature.

The high increase in yield at slow heating rates shows 
good agreement with previous work [43]. Even after the 
deduction of the residual moisture and ash content, the 
actual yield achieved remains below the 29.5% postulated 
by Tang’s four-carbon residue model [44, 45]. To achieve 
such high yields, an even slower heating rate than tested 
here is necessary.

3.2.2  Specific surface area

To determine the specific surface area of the carbonized fib-
ers, adsorption isotherms with carbon dioxide at − 78 °C 
were recorded. The reactions taking place during carboni-
zation are relatively complex [3]. In general, cellulose is 
depolymerized with increasing temperature, rearranged and 
condensed to polycyclic rings and aromatic structures and 
finally to graphene-like layers [3, 25, 44]. The result is a 
microcrystalline material consisting of  sp2 and  sp3 hybrid-
ized carbon. The specific surface area results from the gaps 
between these graphitic microcrystals [46].

Table 5  ANOVA of the specific 
surface area  (Y2)

Source Sum of squares Df Mean square F-value p-value Prob > F

Model 4044.50 5 808.90 126.32 < 0.0001 Significant
A 503.23 1 503.23 78.59 < 0.0001
B 282.39 1 282.39 44.10 0.0003
AB 1.44 1 1.44 0.22 0.6498
A2 2634.37 1 2634.37 411.39 < 0.0001
B2 322.99 1 322.99 50.44 0.0002
Residual 44.82 7 6.40
Cor total 4089.32 12

Fig. 2  Surface response plot for the carbonization yield
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The surface response plot of the specific surface area 
determined by  CO2-physisorption is shown in Fig. 3. It was 
found that the measurement points were in good agreement 
with the model, with the centers scattering only by ± 1.76 
m²  g−1. Overall, no clear trend of individual factors could be 
observed which is also because the AB term in the model is 
significant. The specific surface area increases with a slower 
heating rate at high temperatures but decreases at lower 
temperatures in the observed experimental space. Also, the 

surface grows with a slow carbonization heating rate as the 
temperature rises, but no clear trend can be observed for fast 
heating rates.

The increase in specific surface area with rising tempera-
ture can be attributed to an increase in volatile components 
released from the carbon structure. In addition, as the tem-
perature rises, pores blocked by released tars are liberated 
[47]. The reduction of the surface area with further increas-
ing temperature is attributed by Lua et al. to a decomposition 
reaction, whereby volatile components block pores again, 
thereby reducing the surface area [48]. The increase of the 
surface area with slower heating rates agrees well with the 
results of Brunner, who investigated powdered cellulose 
[43]. According to his results, a further increase should be 
possible at even slower heating rates (down to 1.8 °C  h−1).

The highest specific surface area in the selected model 
within the test space could be found with 174.9 m²  g−1 at the 
medium temperature (800 °C) and a slow heating rate (6 °C 
 h−1). The lowest surface area (102.3 m²  g−1) was found at the 
highest temperature of 1000 °C and a heating rate of 303 °C 
 h−1 within the examined test space.

3.3  Normal probability plots

The normal probability plots of the residuals (Fig. 4) are 
used to determine the normality of the data. For this, quan-
tiles of sample data are plotted against quantiles of the 
standardized theoretical distribution [49]. The closer the 
data points are to the straight line, the greater the normal 
distribution of the measurement points [50]. In the case of 
both responses examined (yield, and specific surface area), 
the data points suggest a normally distributed population.

Fig. 3  Surface response plot for the specific surface area after car-
bonization

Fig. 4  Normal probability plots of residuals for the three responses: a carbonization yield, and b specific surface area
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3.4  Predicted vs. actual data

The goodness of fit model was used to determine how well 
the statistical model matches the experimental data. A coef-
ficient R² as close as possible to 1 stands for high goodness 
of fit [39]. The actual vs. predicted plots of the responses are 
shown in Fig. 5. There was a strong correlation between the 
predicted and actual yield of carbonized fibers (R² = 0.97) 
as well as between the predicted and actual specific surface 
areas (R² = 0.99). The points are evenly distributed on both 
sides of the line, which indicates that the respective model 
is well suited for predicting the correlation between factors 
and response [51].

3.5  Optimization process

Since the yield of carbonization partially shows a contrary 
trend with temperature and heating rate as the specific sur-
face area, an optimization was performed using design of 
experiments. The optimizations were carried out within the 
parameter space (600–1000 °C, 6–600 °C  h−1), where the 
carbonization temperature should be minimized and the 
heating rate maximized. Both responses needed to be maxi-
mized. Since the result of the responses is more important 
to us than that of the test conditions, the weighting of the 
conditions was set to 1, while the weighting of the responses 
was set to 2. The optimizations carried out were within the 
prediction interval (PI) of 95% (Table 6). At this point it 

must be noted that the optimized yields and specific sur-
face areas of the fibers do not reach the maximum values 
already found in the experimental space. This is due to the 
fact that the manufacturing parameters were also optimized 
here. Thus, the yields and surface areas achieved here are 
high, while at the same time the carbonization temperature 
and heating rate are as low as possible.

3.6  Structural and textural properties 
of the carbonized fibers

3.6.1  Morphology

The SEM images of the precursor and the carbonized fiber 
(Run 1, see Table 3) are shown in Fig. 6. The structure 
of the fiber, which is caused by the spinning process of 
the viscose, remains after the carbonization step. However, 
the fiber diameter shrinks from approx. 9 to approx. 5 µm 
during the carbonization process. A difference in morphol-
ogy between the different carbonized fibers could not be 
determined.

3.6.2  CHNS‑analysis

Elemental analysis was used to investigate the influence of 
temperature and heating rate during carbonization upon the 
C, H and, indirectly, O content of the carbonized fibers. The 
results can be seen in Figs. 7 and 8.

Fig. 5  Actual and by the models 
predicted values of the yield (a), 
and the specific surface area (b). 
The line would mean a perfect 
congruence of the model and 
reality

Table 6  Optimizations based on the statistical models

Response Prediction 95% PI low 95% PI high Validation

Optimization 1: A = 700 °C; B = 162  °C h−1 Y1/% 19.57 19.24 19.90 19.32
Y2/m2 g−1 158.0 155.0 161.1 156.5

Optimization 2: A = 675 °C; B = 600  °C h−1 Y1/% 17.25 16.56 17.93 17.03
Y2/m2 g−1 153.1 146.8 159.4 151.2
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The carbon content increases with increasing tempera-
ture (at a heating rate of 303 °C  h−1) from 88.2 to 91.8%, 
while the hydrogen content decreased simultaneously 
from 2.1 to 0.5%. During carbonization up to 400 °C, 
most of the non-carbon elements were removed as volatile 
substances such as  H2O, CO,  CO2, and tars [44]. Above 
400 °C the aromatization of the carbon structure occurs, 
forming graphite layers, which results in the release of 
 H2 [3, 52]. This release of  H2 causes the relative carbon 
content to increase and the hydrogen content to decrease 
as the temperature rises.

As the carbonization heating rate increases at 800 °C 
(Fig. 7b), the relative carbon content is reduced from 92.3 
to 88.8% while the relative hydrogen content is rising 
from 0.6 to 0.9%. Again, the aromatization of the carbon 
structure can be used as an argument: The slower heating 
rate enables the system to convert more completely into 
graphitic layers, whereby the hydrogen content decreases 
with increasing heating rate and the carbon content 
increases. Brunner and Roberts also found that a slower 
heating rate during carbonization leads to a char with a 
lower oxygen content due to more complete dehydration 
[43]. The gentle heating rate of only 6 °C  h−1 also results 

in nitrogen content of 0.4%, while no nitrogen was detect-
able under any other conditions.

Since the ash content of the precursor is only 0.32%, 
it can be assumed that the rest of the sample is oxygen 
(see Fig. 8). The O content shows a similar trend as the 
hydrogen content. The reason for this is the better-formed 
graphite layers with higher temperatures and lower heat-
ing rates.

3.6.3  FTIR‑spectroscopy

FTIR spectroscopy was used to determine various func-
tionalities of the porous carbon fibers. The spectra of the 
fibers carbonized at 303 °C  h−1 and different temperatures 
(600 °C, 800 °C, and 1000 °C) can be seen in Fig. 9. Due 
to the many intermediates that may arise during the car-
bonization of cellulose, the assignment of the bands is often 
ambiguous [53]. The bands at 2922 and 2850 cm−1 can be 
assigned to the C–H stretching vibration [54]. The signals 
decrease significantly with increasing carbonization tem-
perature. The same trend can be observed with the band at 
1664 cm−1, which can be assigned to the carbonyl vibration 
[27]. The signal at 1560 cm−1 can be assigned to highly 

Fig. 6  SEM micrographs of the 
viscose fiber and the carbon-
ized fiber (Run 1; A = 800 °C, 
B = 303 °C  h−1)

Fig. 7  Dependence of the car-
bon (black; B = 303 °C h−1) and 
hydrogen (grey; A = 800 °C) 
content on carbonization tem-
perature (a) and heating rate (b)
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conjugated carbonyl groups (C=O) [53]. Especially in the 
range of 1300–1000 cm−1, signals from superpositions of 
overlapping signals occur, which further complicates the 
assignment. The band at 1238 cm−1 is often attributed to 
the O–H deformation vibration, but a C–O stretch vibration 
of carbonyl groups is also possible [10, 54]. The band at 
1139 cm−1 can be assigned to an asymmetric C–O–C stretch 
vibration [54]. Overall, the signals representing C/O or C/H 
groups decrease significantly with increasing temperature, 
which is consistent with the results of the CHNS analysis.

3.6.4  X‑ray diffraction

The XRD spectra of the carbonized and ground fibers show 
no sharp peaks, but broad ones, which indicate the pres-
ence of amorphous carbon interlayers (Fig. 10) [27, 52, 55]. 

These carbon interlayers resemble graphitic crystals, with 
the difference that they are not stacked in a specific order, 
therefore they are called turbostratic carbon crystallites [56]. 
The signal with the maximum at 2θ1 = 23.0°–23.3° can be 
assigned to the (002) crystallographic plane of graphite crys-
tallite, the reflection with the maximum at 2θ2 = 43.7°–43.9° 
to the (101) plane [57].

The values of the peak position and the full width at half 
maximum (β) were employed to calculate the interplanar 
d-spacing and the apparent crystallite size using Eq. (4) as 
shown in Table 7. The  d002-spacing of the carbonized vis-
cose fibers with values of 0.382–0.385 nm showed hardly 
any dependence on the temperature. Overall, the distance 
between the individual graphite-like layers is thus slightly 
larger than that in graphite, which is 0.335 nm [58].

Fig. 8  Dependence of the 
oxygen content on car-
bonization temperature (a, 
B = 303 °C h−1) and heating 
rate (b, A = 800 °C)

Fig. 9  FTIR-spectra of viscose fibers carbonized at different tempera-
tures (blue: 1000 °C; red: 800 °C; black: 600 °C) with a heating rate 
of 303  °C  h−1. Distinctive bands are marked by vertical lines with 
corresponding wavenumbers (Color figure oline)

Fig. 10  XRD spectra of the fibers carbonized at different tempera-
tures
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The crystallite sizes  L002 become smaller with increasing 
temperature (1.059 to 1.012 nm). Although this is in contrast 
to previous results, it could be due to the general shrinkage 
of the fibers [52, 56]. Altogether, the structural changes in 
the observed range are very small since the graphitization 
takes place especially above 1500 °C.

3.6.5  Raman spectroscopy

The structure of the carbonized viscose fibers was further 
characterized by Raman spectroscopy. This laser-optical 
technique can determine the bonding states of the carbon 
atoms  (sp2 for graphite or  sp3 for diamond) by displaying 
their vibrational properties. As illustrated by the spectrum 
of a carbonized fiber from Run 1 in an exemplary manner 
(Fig. 11), a broad D-band is observed. The two main peaks 
D and G are both caused by in-plane phonon modes in a 
2D graphite layer. The graphite peak at around 1588 cm−1 
arises from  sp2 bonded carbons. These can stem from the 
6-fold rings of the graphite domains and chains of carbon in 
more disordered structures [34, 59, 60]. The disorder peak 

at around 1327 cm−1 stands for the breathing mode of a 
6-fold carbon ring. This mode only appears within graphite 
layers and only in the proximity of a defect or border. At 
these borders, the graphite mode cannot propagate anymore, 
because of missing  sp2 bonding in the hexagonal carbon 
lattice structure, which is replaced by  sp3 bonds [60]. The 
carbon structure is turbostratic. Therefore, most carbon rings 
in the lattice contribute to the broad and intense D-band. 
With the above argumentation, it is often tried to assume the 
relative amount of  sp3 bonds in the fiber. To get a valid fit 
considered all the existing Raman active phonon modes in 
the region (see Sect. 2.4.3). Besides the one graphite peak, 
four disorder bands (D,  D2,  D3,  D4) were found. Their mean-
ing is not always exactly understood, but they are caused by 
imperfect graphite structures. Recent publications used this 
approach for data analyzation successfully [33, 61, 62]. With 
the consideration of these bands, the resulting fit becomes 
much more accurate.

One important parameter to characterize the structure of 
the fiber is the peak ratio. It consists of the areas of the inten-
sities of D and G bands. With it, the crystallite sizes can be 
calculated and the development of graphite domains inside 
the fiber is determined. A further value often considered 
is the full width at half maximum (FWHM). The FWHM 
always decreases with increasing order of the carbon struc-
ture [59].

Table 8 gives the averaged values of all the measure-
ments done with Raman spectroscopy. The FWHM of the 
disordered peak decreases with increasing temperature, 
which indicates an increase in the order of the carbon 
structure [52]. The FWHM of the graphite peak does not 
show this trend, but as the graphite peak can also occur 
in carbon chains, not only in graphitic domains, it does 
not react as much to structural changes [60]. The decrease 
in FWHM of the D band results from the destruction of 
crosslinks between aliphatic and aromatic carbons, the 
volatilization of oxygen-containing functional groups and 

Table 7  Peak parameters 
and calculated values for the 
carbonized viscose fibers

Run A/°C B/°C  h−1 2θ1/° 2θ2/° β1/° β2/° d002/nm L002/nm

10 600 303 23.29 43.85 7.57 6.16 0.382 1.059
1 800 303 23.09 43.77 7.79 5.03 0.385 1.029
5 1000 303 23.24 43.75 7.86 4.87 0.382 1.012

Fig. 11  Raman spectrum of Run 1 and fitted peaks

Table 8  Analysis of Raman 
spectra obtained from the 
carbonization of viscose fibers 
at different final temperatures 
(A) and heating rates (B)

Run A/°C B/°C  h−1 FWHMD/cm−1 FWHMG/cm−1 ID/IG La/nm

10 600 303 224.61 56.78 3.56 2.54
1 800 303 203.59 54.28 4.66 2.91
5 1000 303 190.10 57.38 4.33 2.81
7 800 600 207.76 52.43 4.64 2.90
3 800 6 215.48 58.01 4.80 2.95
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the formation of turbostratic layers [63]. The CHNS analy-
ses also fit in with this, since the percentage of H- and 
O-atoms falls with temperature. This indicates a decrease 
in functional groups and thus a lower disordered peak. The 
calculated crystallite sizes  La (see Table 8) increase with 
increasing final carbonization temperature, from 2.54 nm 
at 600 °C to 2.81 nm at 1000 °C, though the biggest size 
is found at 800 °C. This is in accordance with the works 
of Ferrari et al., who stated that for small crystallite sizes 
below 3 nm there is an opposing trend of the relation 
between the peak ratio and the crystallite size [34, 52, 
60, 63]. Furthermore, the evolution of the peak ratio is 
explained by the introduction of two different carboniza-
tion regimes [64]. At first, the peak ratio increases with 
increasing carbonization temperature and is highest when 
carbonization is completed. This is attributed to a decrease 
in the order by the destruction of functional groups and 
restructuring in the precursor material. Here, the carboni-
zation is completed at a temperature of around 800 °C. 
At this point, the peak ratio is highest (see Table 8). By 
increasing the carbonization temperature above this limit, 
a second regime is reached. The peak ratio decreases again 
with increasing temperature, due to the ordering of gra-
phitic domains and a shrinking the disorder peak in the 
Raman spectrum.

As the heating rate increases during carbonization from 
6 to 600 °C  h−1, the FWHM and the calculated crystallite 
sizes stay roughly the same. This indicates that the effect 
of the heating rate is not as significant as with the tem-
perature. However, a decrease in  FWHMG, and the peak 
ratio can be observed. Due to the slower heating rates, 
more ordered graphite structures can form. This leads to an 
increased G band and results in larger graphite crystallites.

4  Conclusions

The influence of carbonization parameters on the properties 
of viscose-based porous carbon fibers could be investigated 
in detail. Significant models could be found to assess the 
influence of both temperature and heating rate on yield, and 
specific surface area. By far the most important factor for 
the yield was the heating rate. In addition, it was possible to 
optimize both responses, even though some of them ran in 
opposite directions. Thus, a specific surface area of 156 m2 
 g−1 could be achieved at a high yield of 18.8% while keeping 
the carbonization temperature and heating rate as low as pos-
sible. The achieved specific surface areas are quite low for 
porous carbons, but it has to be considered that no activation 
was performed in this study. By using a chemical activation 
agent and/or an physical activation step using water vapor or 
 CO2 an increase of the specific surface area to the range of 

commercial activated carbons (2000–3000 m2  g−1) should 
be possible. The obtained results indicate that viscose-based 
precursors are suitable to achieve activated carbons with suf-
ficient specific surface areas at high yield. The findings of 
this fundamental study should also be transferable to viscose 
fibers from used clothing. However, this will be the task of 
later studies.
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