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a b s t r a c t

This study describes the rejection of acid black 194 dye using a DL nanofiltration membrane. 
Membrane experiments were conducted in a cross-flow system. Effects of membrane pressure (5, 
10, and 15 bar), feed pH (3, 7, and 10), feed temperature (25, 35, and 45˚C) and dye concentration 
in the feed solution (50, 500, and 1000 mg/L) on the membrane performance were investigated. 
The surface morphologies of membranes were investigated using scanning electron microscopy 
(SEM). The results indicate that the DL membrane has satisfactory average dye rejection (99.72 ± 
0.140%) at operating pressure of 5 bar, 1000 mg/L dye concentration, 25˚C feed temperature and 
feed pH = 7.
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1. Introduction

Dye using industries such as textile, leather, and dye 
manufacturing generally require huge quantities of water 
for dyeing process [1–4]. According to their structural char-
acteristics, dyes can be classified as acidic, basic, disperse, 
azo, diazo, anthraquinone based and metal complex [5].  
Acid black 194 (AB194) is categorized as a highly toxic 
metal complex dye. Use of acid black 194 dye is very com-
mon in blended fabric dyeing, direct printing in wool, silk 
fabric fiber and nylon non-woven micro fabric and leather 
dyeing [6,7]. Wastewaters contaminated with dyes, severely 
threaten human health and have both toxic and mutagenic 
effects on organisms because of the carcinogenic nature of 
dye. To prevent hazardous effects of wastewaters contain-
ing dye, they should be treated before being released into 
environment [8]. For the removal of dye from wastewater 
there are conventional methods such as adsorption [9–11], 
ion exchange [12,13], chemical oxidation [14,15], coagula-
tion/flocculation [16], electrocoagulation/flotation [17] 
and biosorption [18,19]. There are advantages and disad-
vantages of these methods. Choice of method depends on 
objectives to be achieved [20]. Membrane techniques have 

proven to be very attractive and effective for wastewater 
treatment. The main advantage of membrane processes is 
that there is no need for adding any chemicals. The most 
common membrane separation methods are microfiltration 
(MF), ultrafiltration (UF), nanofiltration (NF) and reverse 
osmosis (RO) [21,22]. In treatment of textile wastewater 
mostly nanofiltration is used for its unsurpassed separation 
features [23]. There is less fouling problem in NF compared 
to RO. Moreover, NF has a higher rejection efficiency than 
UF [24,25]. Due to these advantages, NF technology is used 
for drinking water production, recovery of heavy metals, 
eliminating dyes, small organics, dissolved organics mol-
ecules, pharmaceutical compounds, and pesticides from 
water [26,27]. 

Dye removal from water with the NF process has been 
investigated in the previous studies, but there is a lack of 
reports on removal of acid black 194 using NF process by 
DL membrane. The main goal of this work is to evaluate the 
separation of DL membrane under various operating con-
ditions such as membrane pressure, feed pH, feed tempera-
ture and initial dye concentration. The dye rejection values 
and permeate flux were determined in different operation 
conditions. 
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2. Materials and methods

2.1. Materials

Acid black 194 was used in the experiments. The dye 
was supplied by Burboya Co Textile Industry, Bursa, Tur-
key. The chemical structure and characteristics of AB194 are 
shown in Table 1. The nanofiltration membrane used in this 
study was a DL membrane supplied by GE Osmonics, Flor-
ida, USA as a flat sheet, thin-film nanofiltration membrane. 
DL membranes had an active layer consisting of the polyp-
iperazine amide (PA) [28]. Table 2 gives the specifications of 
the membrane provided by the manufacturer [29]. 

2.2. Filtration experiments

Membrane experiments were conducted in a cross-flow 
test system (SEPA CF, Sterlitech) as shown in Fig. 1. This 
system is formed by a membrane module, a hydraulic hand 
pump, a feed tank, a high pressure pump, an analytical bal-
ance for the measurement of flux, a computer, a thermostat, 
a flowmeter, and other necessary fittings. The stainless steel 
cross-flow filtration system had a total volume of 5 L and 
contained an effective membrane area of 0.015 m2. Synthetic 
wastewater taken from feed tank by centrifugal pump was 
transmitted to the membrane cell. Amount of permeate was 
measured by an analytical balance which was connected 
to the computer. The weight of the collected permeate was 
monitored at 1 min intervals. Each dye rejection test was 
performed in triplicate and the results presented were aver-
age data with standart deviation. Accordingly error bar was 
put in the figures as well. The temperature was maintained 
constant at 25˚C by a thermostat during the filtration test. 
Aqueous solutions prepared by dissolving dye (1000 mg/L) 
in deionized water were used for the filtration study.

2.3. Data analyses

The permeate flux (J) is determined by using Eq. (1):

Q
J =

A t⋅
 (1)

where Q, A and t are the volume of permeate (L), effective 
area of the membrane (m2), and filtration time (h), respec-
tively [21].

The dye concentrations of the feed and permeate were 
analyzed by using a UV-vis spectrometer (Shimadzu, model 
UV-120-01) at the λmax value of 570 nm for AB194. 

The rejection (R) value of dye is calculated as follows:

1 100%p

f

C
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C
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 (2)

where Cp (mg/L) and Cf (mg/L) represent the dye concentra-
tions in the permeate and in the feed solution, respectively. 

2.4. Scanning electron microscopy

The surface morphologies of DL membrane samples 
were imaged using a JEOL-JSM-5600 LV scanning elec-
tron microscope (SEM). The samples were gold-palladium 
coated prior to SEM observation. The SEM images were col-
lected with a beam potential of 20 kV

3. Results and discussion

3.1. Effects of operating pressure 

The fluxes of DL membrane as a function of pressure 
are shown in Fig. 2. As presented in this figure, pressures 
of 5 to 15 bars were applied. The permeate flux increased 
with increasing pressure. For example, the permeate flux 
increases from 45 to 57 L/m2 h (27% flux enhancement) 
as membrane pressure increases from 5 to 15 bar. This is 
a result of the driving forces increasing with the increased 
operating pressure and overcoming the resistance of the 
membrane [30]. The steady-state permeate flux values for 
dye rejection using DL with 5, 10, and 15 bars were 45, 54, 
and 57 L/m2 h, respectively. It can be seen from the figure 
that the water fluxes decrease with filtration time at 10 and 
15 bars. The decline of flux is mainly due to the deposition 
and adsorption of foulants on the membrane surface [1,31]. 
For example, at 10 bar pressure, the permeate flux declines 
from 59 L/m2 h to 54 L/m2 h (decrease of 8.5%). At 15 bar 

Table 1 
Characteristics of AB194 [6]

Chemical structure Molecular formula λmax (nm) Molecular weight (g/mol)

C20H12N3NaO7S 570 461.38

Table 2 
Commercial DL membrane specifications [29]

Membrane Description

Manufacturer GE Osmanics (USA)
Molecular Weight Cut-off (Da) ~150–300 
pH tolerance 2–10
Polimer Thin-film
MgSO4 Rejection (%) 
Type

98.00 
Low energy, low pressure
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pressure the permeate flux decline is 62 L/m2 h to 57 L/
m2 h (decrease of 8.1%). No flux decline is obserbed at 5 
bar. Koyuncu [3] also reported increase in permeate flux 
with increasing pressure using the DS5 DK type nanofil-
tration membrane for removal of Reactive Black5, Reactive 
Orange16, Reactive Blue19. 

Fig. 3 shows the variation of the metal rejection (%) as 
a function of transmembrane pressure (ΔP). As shown in 
Fig. 3, the average dye rejection percentages of DL mem-
brane are above 99.57 ± 0.197% for all pressure values tested 
in the experiments. 

Fig. 1. Shematic drawing of the experimental cross-flow filtration unit.

Fig. 2. Effect of pressure on permeate fluxes of DK membrane (feed 
temperature: 25ºC, initial dye concentration = 50 ppm, pH = 7).

Fig. 3. Effect of pressure on the rejection of AB194 dye (feed tem-
perature: 25ºC, initial dye concentration = 50 ppm, pH = 7).

Fig. 5. Effect of feed pH on the rejection of AB194 dye (pressure: 5 
bar, feed temperature: 25ºC, initial dye concentration = 50 ppm).

Fig. 4. Effect of feed pH on permeate fluxes of DK membrane 
(pressure: 5 bar, feed temperature: 25ºC, initial dye concentra-
tion = 50 ppm).
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3.2. Effects of feed pH

The effect of feed pH on the permeate flux and the 
rejection parameters in synthetic wastewater containing 
AB194 were determined by DL membrane at 3, 7 and 10 pH 
levels at 5 bar pressure, 50 mg/L dye concentration, 25˚C 
temperature. As seen from the Fig. 4, at pH = 3 decrease 
was observed in permeate flux after 55 min. There were no 
significant declines at pH = 7 and pH = 10. The charge on 

membrane surface may be affected by the changes of feed 
pH values. According to the Religa et al. [32] the isoelectric 
point (IP) was 3.0 for DL membrane. The higher rejection 
at IP (pH = 3) as at this point the electrostatic interaction 
between the membrane and the dye was zero. Therefore, 
the dye did not easily permeate the membrane [33]. The 
isoelectric point of used NF membrane is at 3.0 above which 
the membrane becomes negatively charged, resulting in 

Fig. 6. Effect of feed temperature on permeate fluxes of DK 
membrane (pressure: 5 bar, initial dye concentration = 50 ppm, 
pH = 7).

Fig. 7. Effect of feed temperature on the rejection of AB194 dye 
(pressure: 5 bar, initial dye concentration = 50 ppm, pH = 7).

Fig. 9.  Effect of initial feed concentration on the rejection of 
AB194 dye (pressure: 5 bar, feed temperature: 25ºC, pH = 7).

Fig. 8. Effect of initial feed concentration on permeate fluxes of 
DK membrane (pressure: 5 bar, feed temperature: 25ºC, pH = 7).

Fig. 10. SEM images of DL membranes (a) Fresh DL membrane and (b) The fouled DL membrane after the nanofiltration process 
(pressure: 5 bar, initial dye concentration = 50 ppm, pH = 7).
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an enhancement in the electrical repulsive force (Donnan 
exclusion) between the membrane and dye. Minimum foul-
ing was observed at pH = 10. 

Fig. 5 shows the variation of the dye rejection (%) as a 
function of feed pH. As shown in this figure, the rejection 
of the dye slightly increased with decreasing pH. Average 
dye rejection percentages were obtained as 99.67 ± 0.166%, 
99.55 ± 0.209% and 99.47 ± 0.247% for 3, 7 and 10 pH values, 
respectively. 

3.3. Effects of feed temperature

The performance of the DL membrane was investigated 
at various feed temperatures (25, 35, 45˚C). The obtained 

results were presented in Fig. 6. According to Fig. 6, the flux 
increases with an increase in feed temperature. As the feed 
temperature was increased from 25 to 45˚C, the permeate 
flux increased from 42 L/m2 h to 49 L/m2 h, respectively. 
This behavior is attributed to the decrease in the viscosity 
which leads to the increase of the mass transfer coefficient 
[34]. A similar increase in permeate flux with increas-
ing temperature was also reported by Ong et al. [34] and 
Ellouze et al. [35].

As shown in Fig. 7 with the increase of temperature, the 
dye rejection of DL membrane increased slightly. Average 
dye rejection percentages were found as 99.62 ± 0.169%, 
99.65 ± 0.162% and 99.69 ± 0.158% at 25, 35 and 45˚C, 
respectively. 

Table 3 
Dye rejection comparison NF membranes in the literature and this study

Dye Membrane Operating condition Dye rejection (%) Ref.

Reactive Black 5 Polysulfone-polyamide, DS5 DK 8–24 bar, 0.74 m/s >99.00a [3]
Reactive Orange16 Polysulfone-polyamide DS5 DK 8–24 bar, 1000 mg/L dye, 0.74 m/s >99.00a [3]
Reactive Blue 19 Polysulfone-polyamide, DS5 DK 8–24 bar, 1000 mg/L dye, 0.74 m/s >99.00a [3]
Direct Red 75,80,81, Direct 
Yellow 8,27

Polyamide (PA) composite 
membrane

1000 mg/L dye >99.50a [4]

Reactive red 198 Polypiperazine amide, (PA-NF)
Polyether sulfone,(PES)

4.9 bar, 25 mg/L dye, 500 mg/L salt 99.55a

99.83a

[24]

Congo red Polypiperazine amide, (PA-NF) 20 mg/L dye, pH 9 100.00a [26]
Direct Red 80 Sepro NF 2A 6 bar,100 mg/L 99.98 ± 0.02a [27]
Direct Red 23 Sepro NF 2A 6 bar, 100 mg/L 99.95 ± 0.02a [27]
Congo Red Sepro NF 2A 6 bar, 100 mg/L 99.96 ± 0.03a [27]
Direct Red 80 Sepro NF 6 6 bar, 100 mg/L 99.95 ± 0.02a [27]
Direct Red 23 Sepro NF 6 6 bar, 100 mg/L 99.76 ± 0.03a [27]
Congo Red Sepro NF 6 6 bar, 100 mg/L 99.93 ± 0.03a [27]
Reactive Yellow 81 Reactive 
Black 5 Reactive Blue 19

Polyamide-imide NF All testing conditions >98.00a [34]

Acid Red 114 Spiral wond, NF 200 mg/L dye, 1000 mg/L NaCl 98.16a [37]
Everzol Black + NaCl Polyamide, NF-200 15 bar, 600 mg/L dye, 500 mg/L NaCl 98.43a [38]
Everzol Black + NaCl Polyamide, NF-270 15 bar, 600 mg/L dye, 500 mg/L NaCl 99.22a [38]
Everzol Red + NaCl Polyamide, NF-200 15 bar, 600 mg/L dye, 500 mg/L NaCl 97.07a [38]
Everzol Red + NaCl Polyamide, NF-270 15 bar, 600 mg/L dye, 500 mg/L NaCl 97.91a [38]
Everzol Blue + NaCl Polyamide NF-200 15 bar, 600 mg/L dye, 500 mg/L NaCl 98.51a [38]
Everzol Blue + NaCl Polyamide, NF-270 15 bar, 600 mg/L dye, 500 mg/L NaCl 100.00a [38]
Cibacron Yellow Polysulfone, PSF 5.5 bar, 120 L/h 98.50a [39]
Cibacron Red Polysulfone, PSF 5.5 bar, 120 L/h 99.90a [39]
Cibacron Black Polysulfone, PSF 5.5 bar, 120 L/h 99.80a [39]
Cibacron Blue Polysulfone, PSF 5.5 bar, 120 L/h 99.70a [39]
Reactive Black 5 Hollow fiber NF 0.8 bar, 32 mg/L dye >99.80a [40]
Orange II, Remazol NF-1 (protective layer) 1bar, 50 mg/L dye >99.00a [41]
Brillant Blue R NF-1 (without protective layer)
Safranin O NF 1

NF 2
50 mg/L dye 99.60 ± 0.02a

99.68 ± 0.02a

[42]

Orange II NF 1
NF 2

50 mg/L dye 59.67 ± 3.29a

99.68 ± 2.52a

[42]

Acid Black 194 Thin-film, DL 5 bar, 1000 mg/L dye, pH 7, 25°C 99.72 ± 0.14 This 
work

adata redrawn from references.
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3.4. Effects of initial dye concentration

The membrane performance as a function of dye con-
centration was investigated. Experiments were conducted 
at 50, 500, and 1000 mg/L dye concentrations. The results 
are shown in Figs. 8 and 9. As can be seen in Fig. 8, the 
permeate flux decreases with increasing dye concentration 
because increasing dye concentration results in increase of 
polarization and dye adsorption on the membrane surface.  
The results confirm with that of Ji et al. [36] and Al-Aseeri 
et al. [37].  The effect of dye concentration on dye removal 
is shown in Fig. 9. Very high percentage of average dye 
rejections (over 99.65 ± 0.160%) were observed at all con-
centrations of dyes.  As can be seen from Fig. 9, when the 
concentration of dye increased the rejection of dye also 
increased but not significantly.  Ji et al. [36] also reported 
that increasing dye concentration would not affect dye 
rejection significantly and explained this with good mass 
transfer across the membrane surface which prevents seri-
ous concentration polarization. 

3.5. SEM micrograph analysis

SEM image of top surface of fresh membrane was shown 
in Fig. 10(a) at 5500x magnification. After the nanofiltration 
process, the fouled DL membrane was observed by SEM, 
which was presented in Fig. 10(b) at the same magnifica-
tion. According to Fig. 10(b), there are deposits of some dye 
molecules on the membrane surface, which also led to the 
decrease of permeate flux.

3.6. The comparison among rejection of AB194 and rejection of 
other dyes by different NF membranes

Comparison of average acid black 194 rejection (99.72 ± 
0.140%) observed in this study with other dye rejection 
values of various NF membranes in the literature is given 
in Table 3. It can be concluded from Table 3 that NF mem-
branes have a high dye rejection (>97.00%).

4. Conclusions

The performance of DL nanofiltration membrane to 
remove acid black dye from model solutions is studied in 
this paper. The influence of operational variables such as 
membrane pressure, feed pH, feed dye concentration and 
feed temperature on rejection and permeate flux has been 
investigated. The permeate flux increases as the pressure 
and the feed temperature go up. However, the higher the 
dye concentration, the lower the flux is. The membrane 
shows a higher flux in an alkaline feed solution (pH = 10). 
The average dye rejection is independent of the operating 
conditions and remains high (>99.47 ± 0.247%) at all testing 
conditions. This study demonstrated that AB194 dye can be 
successfully treated using DL membrane.
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