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m 2 h 1. The filtration time was 3 hours. Experiments were
carried out in duplicate.

2.8 Determination of CrĲVI) concentration

CrĲVI) concentrations in feed and permeate samples were
measured photometrically applying the diphenylcarbazide
(DPC) method (Spectrophotometer DR5000, Hach Lange,
Germany).8 For this, 400 μL DPC solution and 400 μL sulfuric
acid (2 M) were added to the samples (20 mL) and
absorbance at a wavelength of 540 nm was measured.

3. Results and discussion
3.1 Membrane characterization

Firstly, the membranes were analysed regarding their
chemical properties and membrane characteristics before
and after modification. The success of the chemical
modification of the PAN membranes is shown by zeta
potential data (Fig. 4) as well as FTIR measurements (Fig.
S2†). The zeta potential of the membranes was increased

after the amination of the nitrile groups.23 While pristine
PAN showed zeta potential values between 35 and 22 mV,
the modified membranes had zeta potential values between
6 and +21 mV in case of PAN-NH and +8 and +21 mV in case

of PAN-Q. The isoelectric point of PAN-NH was at pH 7.5.
Pristine PAN and PAN-Q had no isoelectric point, since their
zeta potential was completely negative (PAN) or positive (PAN-
Q), respectively. Table S1† displays the zeta potential of the
analysed membranes at pH 5.5, 7.0 and 8.5, which were used
in the CrĲVI) adsorption experiments (see section 3.2). At pH
5.5 and 7.0 the modified membranes PAN-NH and PAN-Q
had a positive zeta potential while pristine PAN was
negatively charged. Since the primary amine-modified PAN-
NH was deprotonated and had an isoelectric point at pH 7.5,
its zeta potential was negative at pH 8.5. The quaternary
amine-modified PAN-Q on the contrary was still positively
charged at pH 8.5 because the alkylated amine groups cannot
be deprotonated.

Additionally, the formation of the amine groups was
confirmed by IR spectroscopy (Fig. S2†). The pristine PAN
membranes showed a prominent signal at 2244 cm 1. This
signal was related to the CN stretching vibration. After
modification the signal decreased because of the consumption
of the nitrile groups and formation of the amine groups.34–36

At 1650 cm 1 a signal appeared after modification, which
corresponded to the newly formed C–N bond of the amine
groups. This signal was present for both membrane
modifications. PAN-NH membranes showed an additional
signal at 1577 cm 1. The PAN-Q membranes, which contains
quaternary amine did not show that signal, because it
corresponded to the N–H stretching vibrations, which is only
present in the primary amine groups of PAN-NH.

Furthermore, the degree of modification was determined
by measurement of the amount of amine groups on the
membranes using acid–base-titration. The amount of amine
groups with respect to the membrane area is displayed in
Fig. 5. Even before modification, a protonation of the PAN
membrane was measured, which corresponds to a small
amount of amine groups of 0.75 ± 0.1 mmol m 2. Since PAN
is not having amine groups on its surface this protonation

Fig. 3 Experimental set up for A) adsorption isotherm experiments and B) regeneration of exhausted membranes.

Fig. 4 Zeta potential of PAN Q (circles), PAN NH (triangles) and
pristine PAN (squares) membrane.





known, the amount of adsorbed CrĲVI) was related to the
membrane area (with the unit μg m 2). For both modified
PAN membranes, the adsorption phenomena was better
described by the Freundlich isotherm (R2 > 0.96) than by the
Langmuir isotherm.

The isotherm experiments revealed that at starting
concentrations below 600 μg L 1 CrĲVI), the PAN-NH
membrane adsorbed more CrĲVI) and at starting
concentrations above 600 μg L 1, the PAN-Q adsorbed more
CrĲVI). However, the adsorption capacity parameter of
Freundlich isotherm for PAN-NH [KF = 16.5 (mg m 2)/(mg
L 1)n] membrane was higher than that of PAN-Q membrane
[KF = 6.9 (mg m 2)/(mg L 1)n]. Similarly, the value of the
constant “n”, which is a parameter describing the
“adsorption intensity” of the material, is lower for the PAN-
NH (n = 0.31) membrane than the PAN-Q membrane (n =
0.48). It is relevant to mention that a lower value of n is
favourable as it indicates a strong adsorption intensity
between CrĲVI) and adsorptive material.39 Due to lower the
n-value of the Freundlich isotherm, adsorption kinetics of
CrĲVI) onto PAN-NH (n = 0.31) is faster than the PAN-Q (n =
0.48) membrane. This can also be seen by the shape of the
breakthrough curve in Fig. 8 and 9 (chapter 3.3). The

breakthrough curve of the PAN-NH membrane (Fig. 8A) is
closer to an ideal S-shaped curve40 and thereby, showing
higher removal rates up in the beginning of the adsorption
process.

Adsorptive materials are generally evaluated according to
the adsorption capacity that corresponds to a regulation limit
of a specific hazardous pollutant. Accordingly, the index Q50

is defined, which represents the adsorption capacity at
residual CrĲVI) concentration of 50 μg L 1. In this work, the
value Q50 is calculated by setting Ce = 50 μg L 1 in the
Freundlich isotherm equation (Q = KFĲCe)

n). The calculated
Q50 values are 55.3 mg m 2 and 45.1 mg m 2 for the PAN-NH
and PAN-NH membranes, respectively.

3.3 Filtration experiments for CrĲVI) adsorption

The filtration experiments revealed that both membrane
modifications show an increased adsorption capacity for
CrĲVI) when compared to pristine PAN (Fig. 8). The total
adsorbed CrĲVI) mass was 151 ± 10 mg m 2 of membrane
surface for the PAN-NH membrane and 145 ± 6 mg m 2 of
membrane surface for the PAN-Q membrane. Whereas, the
pristine PAN membrane only showed an CrĲVI) adsorption of

Fig. 7 Adsorption isotherms of CrĲVI) for PAN NH and PAN Q membranes and relevant isotherm parameters A) Freundlich isotherm; B) Langmuir
isotherm.

Fig. 8 CrĲVI) adsorption of PAN membranes (A) CrĲVI) concentration of permeate samples at dead end filtration; feed: 100 μg L−1 CrĲVI), pH 7.0, 1
mmol L−1 NaCl, constant flux of 100 L m−2 h−1; (B) total CrĲVI) adsorption capacity; n = 3, error bars represent standard deviation.
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