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Abstract: - In this study, for removal of the leather industry pollutants and to recovery of chromium (Cr), 
dichloromethane (DCM) and tetrachloroethane (TCE) two sequential nanofiltration (NF) (NF90 and NF270) and 
two reverse osmosis (RO) (BW30 and SW30) reactor membranes were used. The membrane surface properties 
were investigated by Fourier Transform Infrared Spectroscopy-Attenuated Total Reflectance (FTIR-ATR) and 
Scanning Electron Microscopy (SEM). The permeate of the SW30 reverse osmosis exhibited high removals 
varying between 98% and 99% for sodium ion (Na+), potassium ion (K+), magnesium ions (Mg2+), calcium ions 
(Ca2+), total chemical oxygen demand (CODtotal), dissolved chemical oxygen demand (CODdis), dissolved organic 
carbon (DOC) and inert chemical oxygen demand (inert COD), Chromium (Cr3+), Dichloromethane and 
Tetrachloroethane. In the NF90 nanofiltration process lower removals were detected (96%-97%) for all pollutants 
mentioned above. The effluent of reverse osmosis with a BW30 membrane match to the Turkish Water Pollution 
Control Regulation rules for treated water discharged to the receiving environment while SW30 reverse osmosis 
membrane was perfect for ultimate treatment of the pollutants present in the leather industry discharges. From 
the concentrate of the SW30 reverse osmosis, 945 mg/l chromium, 460 mg/l dichloromethane and 360 mg/l 
tetrachloroethane were reused. The performance and recoveries of Cr and two solvents (DCM and TCE) data in 
NF and RO membrane reactors were evaluated with Artificial Neural Network (ANN) process and Kruskal Wallis 
test statistic coupled with Mann-Whitney U statistic in this study. 
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1 Introduction 
Wastewaters contained a lot of pollutants due to 
activities of the industry and extent globalization, [1]. 
The emissions coming from industrial discharges 
increased linearly, [2]. The leather/tanning industry 
contained a lot of pollutants affecting the ecosystems 
negatively, [3], [4]. In the tanning process a lot of 
chemicals was used, [4], [5]. Among them, the 
chromium (Cr) salts like chromium (III) sulphate 
affect negatively the aquatic environments if the 
leather wastewater was not treated effectively, [6], 
[7], [8], [9]. A big part of Cr is used during processing 
the animal skins. The rest of the Cr is emitted to the 
whole treatment plant. Therefore, the effluents of the 
leather industry wastewaters exhibited toxic effects 
to the soils, reservoirs and aquatic ecosystems, [10], 
[11]. 

Tannery, is the main production process of the 
leather industry; and in this process the hides and 
skins of animals are used to make various leather 
products, [12]. The discharge of this industry 
wastewater into the receiving environment as a result 
of utilization of higher volume of water during the 
production phase is an important problem in terms of 
environmental pollution. Furthermore, the tannery 
industry makes a significant contribution to the 
country’s export earnings, [13]. Approximately 31.4 
million kg of skin are processed annually in Turkey, 
[14]. From 3000 liter of tannery discharges 100 kg of 
hides were produced, [15]. In chromium tanning 
process, 276 chemicals and 14 heavy metals are used. 
This caused to a big water pollution, [16]. Since the 
leather industry process consume large volumes of 
water the wastes contained huge quantities of liquids. 
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The effluent qualities are far from the desired level 
for acceptance due to heavy load of pollutants like Cr, 
chlorides (Cl), sodium (Na), dissolved solids (DS), 
Biological oxygen demand (BOD), COD, nitrogen 
(N2) and total suspended solids (TSS) and solvents 
namely Dichloromethane and Tetrachloroethane, 
[17]. Cr has more importance in leather industry 
since the amounts of released Cr(VI) with time, 
owing to the simultaneous release of reducing agents 
from the leather. Significantly more Cr(III) than 
Cr(VI) was released from the Cr-tanned leather for 
all conditions tested; Cr was used for complexation 
of some carboxylate in leather processing, [18]. 
Tanning involves fixing solvents onto the leather 
surface. This creates a problem sometimes for 
efficiency of reaction, because there is typically 
competition between the leather and the solvent. 
When the reagent is partitioned between the two 
environments, dependent on the relative affinities of 
the reactivities. The reduced affinity of the solvent 
for the leather, typically basic Cr(III) salts, makes the 
substrates more attractive to the reagent and hence 
reaction is accelerated. 

Problem of Cr disposal can be greatly minimized 
if recovery of the Cr is possible. Numerous physical 
and chemical methods such as adsorption, [19], 
sedimentation, [20], electrochemical processes, [21], 
[22], biological operations, [5], cementation, [23], 
coagulation/flocculation, [24], filtration and 
membrane processes, [25], [26], chemical 
precipitation and solvent extraction, [27], [28], have 
been employed for the minimization of the pollution 
level in wastewater. However, with this processes 
reuse of chemical merit compounds like chromium, 
DCM and TCE was not possible. Few methods like 
membrane separation technology are used for the 
treatment and for the recovery of some merit 
chemicals, [29]. Membrane separation is a process in 
which a semi permeable membrane is used to retain 
species of low molecular weight and a pressure is 
applied as driving force to revert the solvent natural 
tendency of passing from a more diluted solution to 
another more concentrated one, [30].  

The dominance of pressure-driven membrane 
processes in wastewater treatment, such as reverse 
osmosis (RO) and nanofiltration (NF), were 
extensively used in industrial applications for reuse 
of the pollutants, [31]. This is mainly due to the fact 
that these processes are mature and, consequently, by 
usage of suitable membranes the solvents can be 
easily recovered, [32]. In addition, recent studies 
have shown that NF and RO, were the most 
promising technologies for providing high-quality 
wastewater treatment and recoveries of chemical 
merits organic and inorganic substances, [33], [34]. 

The semi-permeable membrane is a thin film that 
is constructed by different materials and it is 
assembled in order to support a high Trans-
membrane pressure. There are four types of industrial 
developed membrane separation processes which are 
microfiltration (MF), ultrafiltration (UF), RO and 
electrodialysis (ED), [35]. The range of application 
of these pressure-driven membrane is dependent to 
the water separation processes via molecular sieving 
through increasingly fine pores, [36]. Although, RO, 
and UF are conceptually similar processes, the 
difference depends to their pore diameters by the 
differences in the membranes used, [37]. With this 
impression an attempted has been made for eco-
friendly recovery and recycling technologies for the 
treatment of wastewater before their disposal. 

Utilization of the suitable wastewater treatment 
plants was very important and some operational 
conditions affect the efficiency of the treatment 
processes. The physicochemical treatment processes 
like coagulation and flocculation, and bacterial 
processes can be used, however excess sludge 
production limited the usage of these treatment 
processes, [7]. 

In last decade, membrane treatment processes are 
extensively used since their costs were low and they 
were used in the treatment of leather industry 
wastewater, [7], [38], [39], [40], [41], [42]. The 
permeate of the membranes was effectively treated 
and reuse of chromium, DCM and TCE solvents 
provides high economical advantageous. Studies 
applying RO, [7], and UF, [38], have been reported. 
Sometimes, some problems with the pores of the 
membranes like fouling can be occurred. By 
utilizations of correct operational conditions, the 
aforementioned problem can be solved. In the 
membrane separation processes Cr ions are also 
successfully remediated. For example, by using a RO 
and a sequential RO/NF process 90% and 95%, [43], 
[44], [45], pollutant yields were detected. 

Membrane technology, especially NF is 
considered a viable option for water treatment 
because of its efficiency for Cr removal. It can 
operate at low pressures and can provide a good 
permeation flow rate, [46], [47], [48]. It can also 
recover, entirely or partially, most of the salts present 
(mono-, di- and trivalent forms) and has the potential 
to concentrate them. 

RO treatment processes provide the recovery of 
the permeate of a leather industry. This cause to 
reduce the cost spent for water consumption, [7], 
while UF and MF membrane processes permeates 
contains some bigger pollutants since the pore size on 
their membranes were bigger in the comparison to 
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RO membranes before emitted to the receiving 
places, [42], [43]. 

The aim of this study was the removal of the 
leather industry pollutants and recoveries of Cr, 
DCM and TCE solvents in two NF (NF270 and 
NF90) and two RO (BW30 and SW30) membranes. 
The membrane surface properties were determined 
by FTIR-ATR and SEM. Na+, K+, Mg2+ and Ca2+, 
CODtotal, CODdis, DOC and inert COD maximum 
removal yields were investigated. Furthermore, the 
optimum operational conditions for maximum yields 
of pollutants in the leather industry permeate were 
investigated.  
 
 
2 Materials and Methods 
2.1 Characterization of Raw Leather Industry 

wastewater 
The characterization of the pollutants present in a raw 
leather industry wastewater was tabulated in Table 1. 
The results of the analysis were repeated 3 times 
under laboratory conditions and the average values 
were mentioned (Table 1).  
 
* Table 1 can be found in the Appendix section. 
 

2.2 NF and RO Membranes 
Two NF (NF270, NF90) and two RO (BW30, SW30) 
membrane processes were used in this study 
(Midland, MI, USA). The properties of the 
membranes used were summarized in Table 2. The 
membranes used in this study exhibited hydrophilic 
properties and the measured water contact angles (θ 
< 90°) were 29° for NF270, 51° for NF90, 55° for 
BW30 and 62° for SW30, [49]. NF270 membrane 
exhibited low sodium chloride (NaCl) rejections 
(Table 2), while NF90 and BW30 were a tight NF and 
a loose RO membrane, respectively, [50]. SW30 is 
extensively utilized for treat the saline wasters, [30]. 
 
* Table 2 can be found in the Appendix section. 
 
2.3 Experimental Set up and Parameters 
The experiments were performed under laboratory 
conditions. The area of the membrane was 56 cm2 
and the reactor consisted from stainless-steel with an 
disc. The pressure was adjusted from 10 to 40 atm for 
NF and RO membranes, respectively. Before all 
experimental studies, pre-precipitation process and 
granulated activated carbon (GAC) filtration were 
applied to the raw leather industry wastewater. Then, 
sequential NF/RO membrane system experiments 
were performed. 

In this study, all experiments were carried out at a 
constant temperature (30°C). The effect of increasing 
transmembrane pressures (TMP) (3, 6 and 12 atm) on 
fluxes (10, 25 and 40 l/m2h) and on the removals of 
pollutant parameters were examined in NF at 30°C.  
Similarly, the effects of increasing TMP pressures 
(10, 25 and 40 atm) to flowrate (5, 10 and 20 l/m2h), 
and to removals of pollutants were investigated at 
30°C in RO at 30°C. 
 
2.4 Solvent Extraction and Purification 

Process 
The purification of DCM and TCE solvents were 
performed by extraction procedure according to 
Standard Methods 6232-B by Liquid-liquid 
extraction gas chromatographic methods, [51]. 
 
2.5 Characterizations of Membrane Surface 

Properties 
2.5.1 FTIR-ATR Spectral Measurements 

FTIR measurements were carried out using a FTIR 
spectrometer (Thermo Scientific- 50) equipped with 
a germanium (Ge) ATR device (Thermo Scientific, 
Smart ARKTM). The effective dimensions of the Ge 
crystal are 47 mm × 5 mm. The refractive index of the 
Ge is 4 and the angle of incidence in our device was 
45°, generating 12 reflections. The calculated depth 
of penetration is 0.664 μm and the calculated 
effective pathlength is 2.59 μm. The radiation from 
the infrared (IR) source of the spectrometer was 
focused into the attenuated total reflection (ATR) 
crystal and the output radiation (from the other side 
of the crystal) was focused onto a cooled MCT 
(mercury cadmium telluride) detector. Measurements 
were carried out in the spectral range of 650–
4000 cm−1. Each spectrum was an average of 64 scans 
to increase the signal to noise ratio (SNR). 
 
2.5.2 SEM Analysis 

The morphological features and structure of the 
membrane samples were determined by a JSM-840A 
electron microscope (JEOL, Tokyo, Japan). The 
samples were cleaned with ethanol to obtain clear 
images. The samples were dried with a low-speed 
vacuum system. Degreasing and drying of the 
samples were performed to reduce outgassing caused 
by organic impurities and wastewater in the sample. 
SEM images were obtained with a JSM-840A 
electron microscope (JEOL, Tokyo, Japan). 
 
2.6 Analytical Procedure 
pH, T(°C), TSS, Total volatile suspended solids 
(TVSS), Biological oxygen demand 5-days (BOD5), 
CODtotal, CODdis, inert COD, DOC, Total organic 
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carbon (TOC) and fecal coliform bacteria were 
monitored according to Standard Methods 2550, 
2580, 2540 D, 2540 E, 5210 B, 5220 D, 5220 E, 
5220C, 9217A, 5520, 9225 respectively, [51]. 
Ammonium nitrogen (NH4+-N], nitrate nitrogen 
(NO3–-N), chloride ion (Cl–), boron (III) ions [B(III)], 
Na+, sodium carbonate (NaCO3), sulfate ion (SO4

2-), 
total phosphorus (Total-P) and total nitrogen (Total-
N) were measured with cell test spectroquant kits 
(Merck, Germany) at a spectroquant NOVA 60 
(Merck, Germany) spectrophotometer (2003).  

Total chrome [chromium (III) ions Cr(III) and 
chromium (VI) ions Cr(VI) sum] analysis was 
performed according to SM3500 in Inductively 
Coupled Plasma-Mass Spectrometer (ICP-MS) 
device. [43], Spectral interferences occur mainly due 
to polyatomic and isobaric ions, which have the same 
mass-to-charge ratios (m/z+) as the analyte of 
interest. The determination of chromium was 
performed by ICP-MS, four Cr isotopes (50Cr, 52Cr, 
53Cr, and 54Cr) with natural abundances varied 
between 2.4% and 83.8%. 

The measurement of color was carried out 
following the approaches described by Olthof and 
Eckenfelder, [52], and Eckenfelder, [53]. According 
to these methods, the color content was determined 
by measuring the absorbance at three wavelengths 
(445 nm, 540 nm and 660 nm), and taking the sum of 
the absorbances at these wavelengths. Sodium 
adsorption ratio (SAR) means a value representing 
the relative amount of sodium ions (Na+) to the 
combined amount of calcium (Ca2+) and magnesium 
(Mg2+) ions in water using the following formula in 
Eq. (1): 
 
𝑆𝐴𝑅 =  

[𝑁𝑎+]

√[𝑀𝑔2+]+ [𝐶𝑎2+]

2

                                        (1) 

 
where all concentrations are expressed as 
milliequivalents of charge per liter (mEq/l). 
 
2.7 Regulation of Water Pollution Control for 

Treated Wastewater  
The water pollution control Regulation classify the 
treated irrigation waters. This technical procedure 
was published in the Turkey in the official newspaper 
at January 7, 1991, with a number of 20748, [54]. 
Referring to the limits of given by this Regulation the 
leather industry effluents can be reused and can be 
used as 2. Class and 1. Class water with “good” and 
“very good” properties (Turkey Water Pollution 
Control Regulation, Date of update: RG-17122022-
32046, from Table 12 (Table 3), [55]. 
 

* Table 3 can be found in the Appendix section. 
 
2.8 Artificial Intelligence (AI) Models  
In the wastewater treatment process, artificial 
intelligence (AI) models could be employed to 
minimize complexities, [56]. AI model is applicable 
to predicting the performance of water treatment, 
designing the key components, optimizing the 
operating parameters, evaluating the effluent quality, 
designing the treatment units, optimizing the 
pollutants, by predicting maintenance strategies 
using fault diagnosis, optimizing the energy 
efficiency of treatment processes, operating 
instructions based on performance, and making the 
systems fully automated. During the past few 
decades, by the usage of AI-based models in 
wastewater treatments an increase in treatment yields 
was detected. To achieve the best outcomes, these 
methods must be chosen considering the treatment 
system mechanism and the aim for which they are 
employed, [57]. 

Applications of AI models in wastewater 
treatment are the treatment plant performance, 
modelling of wastewater, optimization of water 
treatment, control on water treatment and predictive 
energy optimization, respectively.  

In recent years, several soft computing tools and 
approaches have been applied to the prediction of 
water quality and associated variables, [58], [59], 
[60], [61], [62], [63], [64], and artificial neural 
networks (ANNs), [58], [65], [66], [67], [68]. ANN 
process involves the computations of input and 
output data. 
 
2.8.1. Artificial Neural Network (ANN) Model 

The ANNs always consist of three layers including 
(i) input, (ii) hidden, and (iii) output layers. The 
outputs of a neuron are calculated using Eq. (2): 
 
𝑜 = 𝑓(∑ 𝜔𝑗 𝑥 𝑋𝑗

𝑛
𝑗=0 )                                          (2) 

 
where, n: is the input number, xj: is the jth input to the 
neutron, ωj: is the jth synaptic weight, and f: is a non-
linear function, respectively. 

For converting output data between – 1 and + 1, 
the hyperbolic tangent formula was applied as Eq. 
(3): 
 
tanh(𝑥) =  

2

1+ 𝑒−2𝑥 − 1                                      (3) 
 

During the training process of input and output 
data set, the network weights are adjusted to achieve 
the similar outputs as seen in the training data set. For 
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this purpose, the data were divided into two subsets 
for training model and validation purposes.  

The Pearson correlation coefficient (r2) and mean 
standard error (MSE) were computed to evaluate the 
performance of the developed models according to 
Eq. (4) and Eq. (5), [69]:   
 

𝑟2 = 1 −  
∑ (𝑦𝑝𝑟𝑒,𝑖− 𝑦𝑒𝑥𝑝,𝑖)

2𝑁
𝑖=1

∑ (𝑦𝑝𝑟𝑒,𝑖− 𝑦𝑎𝑣𝑒)
2𝑁

𝑖=1

                                 (4) 

 
𝑀𝑆𝐸 =  

1

𝑁
 ∑ (|𝑦𝑝𝑟𝑒,𝑖 − 𝑦𝑒𝑥𝑝,𝑖|)

2𝑁
𝑖=1                      (5) 

 
2.9 Other Statistical Analysis  
Differences of removal efficiencies depending on 
TMP and fluxes determined by performing a non-
parametric Kruskal–Wallis test followed by a Mann–
Whitney U-test, [70]. The Mann–Whitney U-test was 
used to evaluate the relationship between pollutant 
yields and TMP. All results are reported at a 
significance level of p≤ 0.01, [71]. Multiple 
regression analysis between y and x variables was 
performed using the SPSSWIN in Microsoft 
Windows™, [72]. The linear correlation was 
assessed with r2. r2 is the correlation coefficient and 
reflects statistical significance between dependent 
and independent variables. 
 
 
3 Results and Discussions 
3.1 Characterizations of NF and RO 

Membranes  
3.1.1 FTIR-ATR Analysis 

The FTIR-ATR spectrum of NF (NF270, NF90) and 
RO (BW30, SW30) membranes used to treat and 
reuse 3 components in leather industry wastewater 
was shown in Fig. 1. The main peaks of FTIR-ATR 
spectrum for NF270 (red spectrum) were observed at 
1600 cm-1, 1480 cm-1, 1280 cm-1, 1175 cm-1, 1150 
cm-1 and 860 cm-1 at wavenumbers, respectively (Fig. 
1a). The main peaks of FTIR-ATR spectrum for 
NF90 (blue spectrum) were obtained at 1500 cm-1, 
1440 cm-1, 1280 cm-1, 1175 cm-1 and 860 cm-1 
wavenumbers, respectively (Fig. 1a). The main peaks 
of FTIR-ATR spectrum for BW30 (red spectrum) 
were determined at 3250 cm-1, 1650 cm-1, 1500 cm-1, 
1250 cm-1, 1150 cm-1, 1000 cm-1 and 550 cm-1 
wavenumbers, respectively (Fig. 1b). The main peaks 
of FTIR-ATR spectrum for SW30 (blue spectrum) 
were measured at 1400 cm-1, 1350 cm-1, 1250 cm-1, 
750 cm-1, 600 cm-1 and 550 cm-1 wavenumbers, 
respectively (Fig. 1b).  
 
* Fig. 1 can be found in the Appendix section. 
 

NF270 and NF90 are made of semi-aromatic 
polyamide obtained by interfacial polymerization 
between trimesoyl chloride (TMC) and piperazine. 
The active layers of BW30, SW30 membranes are 
made of a full aromatic polyamide obtained by 
interfacial polymerization between TMC and m-
phenylenediamine (MPD). ATR-FTIR spectra of 
BW30 and SW30 membranes indicated that four 
spectra are similar for wave numbers between 860 
and ~1600 cm-1. Due to the relatively deep 
penetration depth of the signal both the polysulfone 
sublayer and the polyamide skin layer were probed. 
The bands at 1541 and 1580 cm-1 are assignable to 
the fully aromatic polyamide skin layers of the 
membrane. As mentioned above, the spectra are 
identical for wave numbers lower than 1600 cm-1, 
which confirms that the same chemical functions are 
present in the membranes. For both BW30 and SW30 
membranes, the overlap of the N-H stretching band 
of amide groups and that of the O-H stretching band 
of carboxylic acid functions resulting from the 
incomplete cross-linking of the polyamide skin layer 
leads to an additional shoulder peak at 1450 cm-1. The 
shoulder peak corresponding to N-H stretching 
vibration is absent in the spectra of both BW30 and 
SW30 membranes. Both BW30 and SW30 
membranes are coated with additional surface 
coating materials results in stronger stretching 
vibrations of aliphatic C-H between 1300 and 1390 
cm-1. However, in our study, there was no significant 
difference among the four membranes in the range of 
1220 ~ 1390 cm-1.  
 
3.1.2 SEM Analysis  
The morphological features of NF (NF270, NF90) 
and RO (BW30, SW30) membranes were 
characterized through SEM images (Fig. 2). The 
SEM images of NF270 (Fig. 2a), NF90 (Fig. 2b), 
BW30 (Fig. 2c) and SW30 (Fig. 2d) membranes 
treating the leather industry wastewater was 
separately illustrated (SEM images scale was 200 
nm).  
 
* Fig. 2 can be found in the Appendix section. 
 

As can be seen, the SEM images for NF90 and RO 
(BW30 and SW30) were virgin and used membranes 
were similar, indicating that neither fouling occurred 
nor were elements stacked in the membrane surface 
during the high-concentrated filtration tests. 
However, the membrane surface images for NF270 
before and after use indicated changes during its 
performances. As mentioned previously, linearity of 
permeate flux and TMP indicates that membrane 
fouling and compaction effects are negligible. 
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3.2 Effect of TMP on NF Flux and Total 

Dissolved Solid (TDS) Rejection in NF 
The effect of increasing TMP (3, 6 and 12 atm) on 
the flux variations on NF (NF270 and NF90) were 
examined at 30°C treating the leather industry 
wastewater (Fig. 3). As the TMP was increased from 
3 atm to 6 and to 8 atm, the flux in the NF270 
increased from 10.20  l/ m2.h  to 21.20 and 39  l/m2.h  
while the fluxes elevated to 15 l/ m2.h, 28 and 37.90  
l/m2.h in the NF90 at at 30°C (Fig. 3).  
 
* Fig. 3 can be found in the Appendix section. 
 

It was found that the flux increase is higher in RO 
reactor than that NF. The permeate flux is highly 
depends on the numbers of the pores in the membrane 
surface and inside membrane which the wastewater 
is going to pass the membrane and to the extent of 
adsorption process. Furthermore, the type of 
interactions taking place between the emulsion 
droplets and the membrane material such as 
hydrophobic/hydrophilic interactions and hydrogen 
(H2) bonding by Van der Waals interactions and 
electrostatic effects affect the permeate flux.  

78%, 71% and 60% TDS rejection yields were 
obtained at 3, 6 and 12 atm TMP, respectively, on 
NF270 membrane process at 30°C (Fig. 4). 82%, 
74% and 66% TDS rejection yields were found at 3, 
6 and 12 atm TMP, respectively, on NF90 at 30°C 
(Fig. 4). It was found that as the TMP was increased, 
the TDS rejections decreased.  
 
* Fig. 4 can be found in the Appendix section. 
 

This difference in rejection at different 
transmembrane pressures can be explained as 
follows: When a new membrane was introduced to 
treat the wastewater during the low transmembrane 
pressure experiments, rapid pore blockage was not 
occurred in this study. This would have tightened the 
membrane and caused increased rejection of smaller 
contaminants over time. At high transmembrane 
pressures the rejection percentages of TDS decreased 
since ions and other dissolved pollutant parameters 
inhibits the passage of treated water from the pores 
and a big problem of fouling of membrane pores was 
occurred in NF reactor. 

The fluxes in NF reactor containing NF270 and 
NF90 membranes exhibited similar responses to the 
TMPs (Mann–Whitney U-test statistic = 1.23, p = 
0.05). The Kruskal–Wallis U test statistics showed 
that effect of TMP on flux is significant since the 
Kruskal–Wallis test statistics are not differed (Mann– 
Whitney U-test statistic = 1.14, p = 0.05). Similarly, 

a linear relationship between TDS rejection yields 
and TMP was detected and this is significant 
((Mann–Whitney U-test statistic = 1,32, p = 0.05). 

The Kruskal–Wallis test statistics showed that the 
TAAs removals are differed after 150 min sonication 
versus increasing temperature and these differences 
are significant (Mann–Whitney U-test statistic = 
13.88, p = 0.05).  
 
3.3 Effect of TMP on RO Flux and TDS 

Rejection in RO 
The TMP was increased from 3 atm, to 6 and to 12 
atm in the RO at 30°C to detect the TMP impact on 
fluxes treating the leather industry wastewater (Fig. 
5). As the TMP was increased, the flux also elevated   
from 25 l/m2.h, to 38 and to 60 l/m2.h in BW30 while 
the fluxes increased from 7 l/m2.h, to 41 and to 65 
l/m2.h in SW30 RO reactor versus increasing of 
pressures from 3 atm to 6 and to 12 atm at 30°C (Fig. 
5).  
 
* Fig. 5 can be found in the Appendix section. 
 

As the TMP was increased the permeation fluxes 
also were increased. In this study, 12 atm TMP did 
not affect the polymeric structure of membrane. 
Furthermore, 12 atm TMP did not cause to a cake 
layer formation on the membrane surface to 
compress the SW30 membrane in RO. This 
accelerates the membrane fouling, [73].  

87%, 79% and 70% TDS rejection yields were 
obtained at 3, 6 and 12 atm TMP, respectively, in RO 
reactor containing BW30 membrane at 30°C (Fig. 6). 
90%, 82% and 75% TDS rejection yields were 
observed at 3, 6 and 12 atm TMP, respectively, on 
SW30 at 30°C (Fig. 6). As the TMP increased, the 
TDS rejection percentages decreased in RO. 

 
* Fig. 6 can be found in the Appendix section. 
 

The fluxes in RO reactor containing BW30 and 
SW30 membranes exhibited similar responses to the 
TMPs (Mann–Whitney U-test statistic = 1.19, p = 
0.05). The Kruskal–Wallis U test statistics showed 
that effect of TMP on flux is significant since the 
Kruskal–Wallis test statistics are not differed (Mann– 
Whitney U-test statistic = 1.14, p = 0.05). Similarly, 
a linear relationship between TDS rejection yields 
and TMP was detected in RO and this is significant 
(Mann–Whitney U-test statistic = 1,20, p = 0.05).  

With increase in pressure across the membrane, 
the flux increases and the relation between the flux 
and pressure is exactly linear indicating the existence 
of an additional resistance besides the membrane 
resistance (Fig. 6). An increase in TMP results in 
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decreasing of TDS rejection without 
approaching to a limiting value.  

The TDS rejections is high in the RO reactor 
compared to the NF membrane reactor. The 
feedwater passes through the membrane, the ions and 
organics are left behind and the permeate rejection 
remains between 60% to 82% for TDS. Permeate 
recoveries for TDS are typically limited to 82% in 
RO because of the limited solubility of the dissolved 
left behind in the reject. TDS rejection is a function 
of transmembrane pressure and the highest TDS 
rejection was detected in RO reactor containing 
SW30 membrane as expected. NF membranes, 
provided the lowest TDS rejections.   
 
3.4 The Removal Efficiencies of Some 

Pollutants in the Leather Industry 

Wastewater after NF and RO Treatment  
High pollutant yields were detected in RO reactor 
with SW-30 membrane compared to NF 270 and 
NF90 membrane reactors. Maximum 99% CODtotal, 
98% CODdis, 98% DOC, 98% Inert COD, 99% Na+, 
99% K+, 99% Mg2+, 99% Ca2+ removals were 
detected after treatment with BW30 RO membrane 
process at 30°C and at a pH of 3.6. The SW30 RO 
reactor effluent exhibited high removal varying 
between 98% and 99% for Na+, K+, Mg2+ and Ca2+, 
CODtotal, CODdis, DOC and inert COD compared to 
NF90 membrane process (Table 4).  
 
* Table 4 can be found in the Appendix section. 
 
This observation indicates that the RO membrane has 
high rejection for all pollutants and a significant 
rejection for all pollutants were detected. The 
Kruskal–Wallis U test statistics exhibited a 
significant linear regression between pollutant yields 
and fluxes in RO (Mann–Whitney U-test statistic = 
1,18, p = 0.05). The Kruskal–Wallis U test statistics 
showed a linear regression between pollutant yields 
and fluxes in NF (Mann–Whitney U-test statistic = 
1.18, p = 0.05). This relationship is not significant 
since the Kruskal–Wallis test statistics are differed 
(Mann– Whitney U-test statistic = 12.22, p = 0.07). 

The effluents of the RO reactor with SW-30 and 
BW30 membranes match to the limits given by The 
Turkish Regulation in Table 3 for re- utilization of 
treated wastewater as irrigation purpose based on 
TSS, SO4

-3. NH3, Cr, fecal coliform, NO3-N, NH3, 
TOC concentrations (data not shown). The effluents 
of NF reactor with 90 and 270 membranes were not 
suitable for utilization. 

The studies performed in this study were 
correlated with some recent studies treating the 

leather industry: In a study performed by the 
performances of two NF (200 and 400 molecular 
weight cut offs) and two RO (1000 molecular weight 
cut offs) membranes, [74]. In this study lower TDS 
rejections and removal efficiencies for TSS, SO4

3-. 
NH3, Cr, fecal coliform, NO3-N, NH3, TOC, COD 
and COD dis were detected in RO reactor. The 
removal of leather industry wastewater by NF and 
RO reactors with membranes having pore diameters 
of 150–300 Da and < 100 Da was investigated, [75]. 
Similar recoveries and pollutants yields were 
detected. The lower recoveries for Cr and DCM 
solvent (89% and 88%, respectively) were found in a 
RO with a membrane of SW30, [76], [77]. 
 
3.5 Recoveries of Cr, DCM and TCE in 

Leather Industry Wastewater with NF and 

RO Membranes  
Leather tanning procedure mainly depends on 
chrome tanning. A huge amount of basic chromium 
sulphate [BCS, Cr(OH)SO4] is used in leather 
tanning. About 60% – 70% of BCS has been taken by 
leather and the rest of the amount is discharged as 
effluent and solid waste. The effluent which 
contained a high concentration of Cr is precipitated 
as solid chromium hydroxide [Cr(OH)3] with other 
elements which is called a chrome cake. On the other 
hand, chromium (III) sulfate [Cr2(SO4)3] has been 
considered as the most effective and efficient tanning 
agent formed by some poly-chromium compounds 
with a process called olation acts as active 
compounds in tanning which crosslinking with 
collagen subunits. Cr with its +6-oxidation state is 
referred as Cr(VI). There is a high risk of getting 
cancers to the workers exposed to Cr(VI) for a 
prolonged time. One of the cleaner processing 
options recommended is that the Cr which is let out 
in the effluent, may be recovered for reuse to ensure 
not only economy of usage of Cr, but also effective 
management of this toxic substance. 

Chrome recovery plants can be established to 
meet different scales of production starting from 
individual small-scale tannery to a group of tanneries. 
for common chrome recovery. 

In this study solvent and chromium recoveries 
were performed from the retentates of NF and RO 
membrane reactors. Cr, DCM and TCE recoveries 
from tanning exhausted baths represents a significant 
economic advantage for leather industry in terms of 
its reuse and for the simplification of the polishing 
process. In this study from the retentate/concentrate 
of the RO containing SW30 membrane 99% Cr, 
DCM and TCE recoveries were detected. 945 mg/l 
Cr, 460 mg/l DCM and 360 mg/l TCE was detected 
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from the retentate of the leather industry wastewater 
(Table 5). 
 
* Table 5 can be found in the Appendix section. 
 

Cr, DCM and TCE recovery percentages varied 
between 77% and 82% in NF reactor. Recovery 
percentages of RO reactor containing BW30 
membrane exhibited 95%, 91% and 88% maximum 
recoveries for Cr, DCM and TCE, respectively. The 
recovered concentrations from the retentate of this 
RO reactor were 870 mg/l Cr, 400 mg/l DCM and 300 
mg/l TCE. 

It was found that the recoveries of the 
aforementioned chemicals having economical merits 
is higher in RO reactor containing SW 30 membrane. 
In other words, the best potential in terms of 
providing adequate effluent permeate quality and 
offering the possibility for Cr, DCM and TCE 
recoveries was obtained by using a RO reactor 
containing SW30 membrane at pH=3.6 and at a 
temperature of 30oC.  
 
3.6 Comparison of Experimental Yields with 

ANN Procedure, Pearson Correlation 

Coefficient (r2) and Mean Standard Error 

(MSE) 
A comparison between the removal efficiencies of 
pollutants and recoveries in leather industry 
wastewater after NF and RO treatment processes 
were performed with ANN model by taken into 
consideration the Pearson correlation coefficient (r2) 
and the mean standard error (MSE) data (Table 6). 
These results were given for SW30 membrane in RO 
reactor for 30oC temperature (Table 6).  
 
* Table 6 can be found in the Appendix section. 
 

The ANN model worked as an excellent AI model 
in this study due to its lowest mean standard errors 
and highest Pearson correlation coefficient (r2) 
values. The observed results indicated that the 
simulation model based on the ANN is practical and 
revealed that this model was successful. According to 
in the results given in Table 6 all the mean standard 
errors were very small both in RO and NF membrane 
reactors. Pearson correlation coefficient (r2) for the 
yields and recoveries in RO reactors were 0.99 
indicating the linear correlation between pollutant 
and yields where the yields were high (99%). 
However, the Pearson correlation coefficient in 
effluent and recoveries are slightly lower (0.96-0.98) 
in NF membrane reactor.  

In another study, ANN statistical analysis showed 
that there is a linear regression between COD 
removal, time, pH, concentration, and the molar ratio 
of hydrogen, [78], [79]. The performance of a 
wastewater treatment facility was evaluated using 
AI-model, [80]. They found that pH, temperature, 
dissolved oxygen, BOD, and COD affect 
significantly performance of an NF reactor, [80]. 
They achieved acceptable correlation coefficients 
with maximum contaminant removal efficiency of 
87.68%, [80]. An ANN-based linear regression 
model was used to determine water quality 
parameters. The findings revealed that the ANN 
statistical analysis program evaluated the 
performance of wastewater, as the results were also 
confirmed by error analyses and regression 
coefficient values, [80]. 
 
3.7 Recommendations for Operational 

Maintenance of Membrane Reactors    
Cleaning in place (CIP) is a procedure for cleaning 
the interior of the RO system's membranes. 
Membrane CIP allows cleaning without dismantling 
the wastewater treatment system. In the CIP process; 
sing a cleaning solution, the membrane is cleaned and 
rinsed. Thus, the removal of contaminants 
accumulated on the membrane surface during 
standard operations is ensured. 

Feedwater and system design will affect the 
operation of the membrane in a RO system. The type 
of chemicals to be used for CIP depends on the type 
of pollutant. For example, a high pH cleaning 
solution can be used to clean biological material. A 
low pH cleaner should be preferred to remove 
mineral deposits.  

Both cleaning chemicals are needed in most 
environments. Low pH cleaning before high pH 
cleaning should generally be the most effective 
method. However, each treatment plant has different 
characteristics. Cleaning is like an art; It can be 
developed by trial and error according to the 
characteristics of the treatment plant. To identify 
specific contaminants on the membrane surface and 
how best to remove them; Autopsy of the membrane 
may be considered.  

The utilization of formulated CIP chemicals 
extends the operating time of the system, reduce the 
cleaning frequency and increase the productive life of 
the RO system elements.  

High flow and low pressure are the most effective 
methods of removing contaminants from the 
membrane system. The final rinse ensures that all 
cleaning chemicals are removed from the membrane. 
Quality rinsing aims to ensure that product quality is 
restored within acceptable operating conditions. 
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3.8 Cost Evaluations for Sequential NF/RO 

Membrane System 
Energy use and carbon footprint of water 
consumption emerge as critical issues in the 
development of membrane reactors for clean water 
production. Therefore, the correlation between water 
and energy consumption, also known as water-
energy coupling effect. This is very important for the 
development of a sustainable and low-cost membrane 
treatment system. The growth of water resources 
should not bring about high-cost energy 
consumption. Due to their high energy and separation 
efficiency, membrane-based technologies have 
gained widespread application in various wastewater 
treatment processes. 

Solar-powered RO plants allow eliminating fossil 
fuel dependence for the production of sufficient 
purified industrial water.  

It is of great importance to verify the possible 
applicability of zero liquid discharge (ZLD) process 
in membrane treatment. ZLD process is a water 
treatment approach in which all wastewater is treated 
and recycled, resulting in zero discharge at the end of 
the treatment cycle. ZLD process relates the residual 
output in terms of waste, wastewater and energy loss 
to the process input based on materials and energy. 
ZLD process; Allowing the possibility of using a 
process cycle in which wastewater treatment is 
envisaged for the recycling of water, taking into 
accounts the mass balance and energy balance of 
materials other than water. 

The use of solar energy can reduce some of the 
high operating cost of the membrane process, but the 
high capital investment for a solar PV system poses a 
significant financial challenge for most developing 
countries. 
 
 
4 Conclusions 
The permeate of the SW30 RO membrane reactor 
exhibited high removals varying between 98% and 
99% for Na+, K+, Mg2+ and Ca2+, CODtotal, CODdis, 
DOC and inert COD compared to NF90 membrane. 
As the TMP was increased the fluxes were also 
increased in both reactors. As the TMP was increased 
the TDS rejections were decreased in both reactors. 
The RO permeate containing SW30 membrane match 
with rules given by Turkish Water and Wastewater 
Regulations and can be emitted to the receiving 
media. From the retentate/concentrate of the SW30 
membrane 945 mg/l Cr, 460 mg/l DCM and 360 mg/l 
TCE were reused. 

The ANN model worked as an excellent AI model 
in this study due to its lowest error and highest 
coefficient values. The observed results indicated 
that the simulation model based on the ANN is 
practical. 

The NF membrane can be used as a pre-treatment 
for the RO membrane to produce high quality water 
and reduce contaminant concentrations, thereby 
minimizing the potential for fouling.  

It is of great importance to verify the possible 
applicability of ZLD process in wastewater 
treatment. ZLD process is a water treatment approach 
in which all wastewater is treated and recycled, 
resulting in zero discharge at the end of the treatment 
cycle. 

In our further studies, it is planned to operate a 
sequential NF/RO membrane process to ensure 
maximum efficiencies for pollutants and recover of 
the chemical merit compounds from the leather 
industry wastewater.  
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APPENDIX 

 
 
 
Table 1. Characterization of raw leather industry wastewater. 

 
Parameters Units Concentrations 

Total chemical oxygen demand (CODtotal) mg/l 12967 
Dissolved chemical oxygen demand (CODdis) mg/l 2576 
Inert chemical oxygen demand (inert COD) mg/l 387 
Dissolved organic carbon (DOC) mg/l 1000 
Total nitrogen (Total–N) mg/l 14 
Total phosphorus (Total–P) mg/l 44 
Color A 8.23 
pH  5.5 
Total chrome [Cr (III) and Cr (VI) sum] mg/l 569 
Total organic carbon (TOC) mg/l 1800 
Sulfate (SO4) mg/l 1200 
Percentage of Exchangeable Sodium (% Na) % Na 50 
Sodium adsorption rate (SAR) mEq/l 22 
Sodium carbonate residue (RSC)  mg/l 134 
Chloride (Clˉ) mg/l 338 
Sulfate ion (SO4

2-)  mg/l 456 
Total salt concentration  mg/l 963 
Boron ion [B(III)]  mg/l 1.56 
Nitrate nitrogen (NO3ˉ - N) mg/l 20 
Ammonium nitrogen (NH4

+-N) mg/l 20 
Fecal coliform bacteria  1/100 ml 60 
Biological oxygen demand 5-days (BOD5) mg/l 75 
Total suspended solids (TSS) mg/l 45 
Total volatile suspended solids (TVSS) mg/l 27 
Temperature [T(oC)] oC 35 
Acute toxicity 25% inhibition values (EC25x10-6) mg/l 1380 
Dichloromethane (DCM); mg/l 220 
Tetrachloroethane (TCE) mg/l 180 
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Table 2. Characteristics of the NF and RO membranes 
 

Membranes 
Average Water  

Contact Angles (θ) 
Maximum T(°C) 

Maximum  

Pressure  

(atm) 

Salt Rejection 

NF270  
29° 45 25 

70% (NaCl), 
60% (CaCl2), 

98.99% (MgSO4) 

NF90 51° 35-45 41 90%-96% (NaCl) 

BW30  
55° 45 41 

99.40% (NaCl), 
99.40% (CaCl2), 
99.70% (MgSO4) 

SW30 62° 45 69 99.40% (NaCl) 
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Table 3. Irrigation water quality parameters based on the classification of irrigation waters 
 

Quality criteria 

Irrigation water class  

1. Class 

Water (Very 

Good) 

2. Class 

Water 

(Good) 

3. Class Water 

(Usable) 

4. Class Water (Must 

be used with 

Caution) 

5.Class Water 

(Harmful) 

Not Available 

EC25x10-6 0-250 250-750 750-2000 2000-3000 > 3000 

Percentage of 
Exchangeable Sodium 
(% Na) 

< 20 20-40 40-60 60-80 > 80 

Sodium adsorption rate 
(SAR) (mEq/l) < 10 10-18 18-26 > 26  

Sodium carbonate 
residue (RSC) (mg/l) < 66 66-133 > 133   

Chloride (Clˉ), (mg/l) 0-142 142-249 249-426 426-710 > 710 

Sulfate (SO4
2-) (mg/l) 0-192 192-336 336-575 575-960 > 960 

Total salt concentration 
(mg/l) 0-175 175-525 525-1400 1400-2100 > 2100 

Boron [B(III)] (mg/l) 0-0.5 0.5-1.12 1.12-2.0 > 2.0 - 

Irrigation water class C1S1 
C1S2, C2S2, 

C2S1 

C1S3, C2S3, 
C3S3, C3S2, 

C3S1 

C1S4, C2S4, C3S4, C4S4, 
C4S3, C4S2, C4S1 - 

NO3ˉ (mg/l) 0-5 5-10 10-30 30-50 > 50 

NH4
+ (mg/l) 0-5 5-10 10-30 30-50 > 50 

Fecal coliform - 1/100 
ml 0-2 2-20 20-100 100-1000 > 1000 

BOD5 (mg/l) 0-25 25-50 50-100 100-200 > 200 

Suspended solid (SS) 
(mg/l) 20 30 45 60 > 100 

pH 6.5-8.5 6.5-8.5 6.5-8.5 6.5-9 9 

Temperature 30 30 35 40 > 40 
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(a) 

 

(b) 

 

Fig. 1. FTIR-ATR spectrum of (a) NF270 (red spectrum), NF90 (blue spectrum) and (b) BW30 (red spectrum), 
SW30 (blue spectrum) membranes in leather industry wastewater. 
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(a) (b) 

 

 

(c) (d) 

 
Fig. 2. SEM images of (a) NF270, (b) NF90, (c) BW30 and (d) SW30 membranes, respectively, in leather 
industry wastewater. (SEM images scale: 200 nm). 
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Fig. 3. Effect of TMP on NF (NF270 and NF90) flux at 30°C. 
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Fig. 4. The TDS rejection yields versus TMP on NF (NF270 and NF90) at 30oC. 
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Fig. 5. Effect of TMP on RO (BW30 and SW30) flux at 30oC. 
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Fig. 6. The TDS rejection yields versus TMP on RO (BW30 and SW30) at 30oC. 
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Table 4. The removal efficiencies after NF and RO membrane processes in leather industry wastewater. 
 

Parameters 

NF Membranes RO Membranes 

NF270 NF90 BW30 SW30 

CODtotal 75 78 90 99 

CODdis 71 75 86 98 

DOC 59 64 73 98 

Inert COD 40 71 79 98 

Na+ 20 80 85 99 

K+ 18 72 82 99 

Mg2+ 63 95 97 99 

Ca2+ 58 97 98 99 
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Table 5. The recoveries of Cr, DCM and TCE in leather industry wastewater with NF and RO membranes. 
 

Parameters 

NF Membranes RO Membranes 

NF270 NF90 BW30 SW30 

Cr Recovery (%) 77 82 95 99 

Cr Recovery (mg/l) 435 643 870 945 

     

DCM Recovery (%) 72 83 91 99 

DCM Recovery (mg/l) 300 340 400 460 

     

TCE Recovery (%) 66 80 88 99 

TCE Recovery (mg/l) 200 232 300 360 
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Table 6. The comparison between experimental yields and ANN yields at 30oC for Pearson correlation coefficient 
(r2) and mean standard error (MSE)  
 
 

 

 

Parameters 

NF Membranes RO Membranes 

NF270 ANN NF90 ANN BW30 ANN SW30 ANN 

Remov

al (%) 

Pearson 

correlatio

n 

coefficien

t (r2) 

Mean 

standa

rd 

error 

(MSE) 

Remov

al (%) 

Pearson 

correlat

ion 

coefficie

nt (r2) 

Mean 

standa

rd 

error 

(MSE) 

Remov

al (%) 

Pearson 

correlat

ion 

coefficie

nt (r2) 

Mean 

standa

rd 

error 

(MSE) 

Remov

al (%) 

Pearson 

correlati

on 

coefficie

nt (r2) 

Mean 

stand

ard 

error 

(MSE

) 

CODtotal 75 0.96 0.0002 78 0.97 0.0001 90 0.99 0.0001 99 0.99 0.000
1 

CODdis 71 0.96 0.0002 75 0.97 0.0002 86 0.98 0.0001 99 0.99 0.000
1 

DOC 59 0.98 0.0001 64 0.97 0.0002 73 0.98 0.0002 99 0.99 0.000
1 

Inert COD 40 0.97 0.0001 71 0.98 0.0002 79 0.98 0.0002 98 0.99 0.000
1 

Na+ 20 0.96 0.0003 80 0.98 0.0001 85 0.98 0.0002 99 0.99 0.000
1 

K+ 18 0.96 0.0003 72 0.96 0.0020 82 0.96 0.0003 99 0.97 0.000
1 

Mg2+ 63 0.97 0.0002 95 0.98 0.0001 97 0.99 0.0002 99 0.99 0.000
1 

Ca2+ 58 0.98 0.0001 97 0.99 0.0001 98 0.98 0.0002 99 0.99 0.000
1 

 

 

 

 

Recoveries 

NF270 ANN NF90 ANN BW30 ANN SW30 ANN 

Recove

ry (%) 

Pearson 

correlatio

n 

coefficien

t (r2) 

Mean 

standa

rd 

error 

(MSE) 

Recov

ery 

(%) 

Pearson 

correlat

ion 

coefficie

nt (r2) 

Mean 

standa

rd 

error 

(MSE) 

Recov

ery 

(%) 

Pearson 

correlat

ion 

coefficie

nt (r2) 

Mean 

standa

rd 

error 

(MSE) 

Recove

ry (%) 

Pearson 

correlati

on 

coefficie

nt (r2) 

Mean 

stand

ard 

error 

(MSE

) 

Cr Recovery 
(%) 77 0.96 0.0003 89 0.97 0.0002 95 0.99 0.0001 99 0.99 0.000

1 

Cr Recovery 
(mg/l) 35 0.96 0.0003 40 0.96 0.0003 870 0.98 0.0001 945 0.99 0.000

1 

DCM 
Recovery (%) 72 0.97 0.0002 83 0.98 0.0002 91 0.98 0.0002 99 0.99 0.000

1 

DCM 
Recovery 
(mg/l) 

43 0.98 0.0001 50 0.96 0.0003 400 0.98 0.0002 460 0.99 0.000
1 

TCE 
Recovery (%) 66 0.95 0.0004 80 0.98 0.0002 88 0.98 0.0002 99 0.99 0.000

1 

TCE 
Recovery 
(mg/l) 

17 0.95 0.0004 21 0.97 0.0002 300 0.99 0.0001 360 0.99 0.000
1 
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