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ab s t r ac t
This paper compares nanofiltration (NF) processes conducted by a constant volume diafiltration 
(CVD) and an intermittent volume diafiltration (IVD). The authors discusses the way the processes is 
executed and influences on processes of salt removal, chromium(III) rejection as well as the permeate 
flux. This investigation enabled the conclusion that the rate of salt elution depended on the method of 
washing diluent addition. The continuous dilution of the pre-concentrated feed solution, during the 
diafiltration step in NF in the CVD mode, enabled the maintenance of the stable salt concentration in 
the permeate flux, and thus made the elution of chloride ions efficient. In NF in the IVD mode, the 
recurring addition of high amount of a washing diluent resulted in significant decrease of the salt con-
centration in the solution and a lower level of chloride ions elution. The salt elution in NF in the CVD 
mode reached the level of ca. 62%, while in NF in the IVD mode only 54%. The authors stated that NF 
in the CVD mode enabled better desalination of the simulated chromium tannery wastewater than NF 
in the IVD mode. Moreover, chromium retention at the level of 93% and 95% for the CVD and IVD 
diafiltration was maintained.
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1. Introduction

The characteristic feature of chromium tannery 
wastewater is not only the presence of chromium but also its 
high salinity. The traditional treatment methods of chromium 
tannery wastewater solve only the problem of chromium 
separation, not the problem of salinity. Nanofiltration (NF) 
is proposed for salt reduction in the tannery wastewater. The 
composition of the tannery wastewater, characterized by 
mono- and multivalent ions with different charge causes the 
Donnan effect. This phenomenon, additionally supported by 
the individual membrane charge, favorably influences the 
decrease in retention of chloride ions. Cuartas–Uribe et al. 
[1] carried out NF process for simulated tannery wastewater 

with different concentrations of chloride, but at constant con-
centration of sulfate ions. The authors of the study observed 
the chloride retention in the range 5%–15% for different 
chloride/sulfate ions ratio. In experiment conditions, the low 
pH (3.5) of the solution minimized the membrane effect as 
a result of the same value of the membrane isoelectric point 
and the operating pH. The negative chloride ions retention in 
the simulated chromium tannery wastewater was obtained 
by Religa et al. [2–4] for a system with a negative membrane 
charge and the chloride ions to sulfate ions ratio equal to 1. 
The new process system with partial permeate recirculation, 
proposed on the basis of the obtained results, allowed the 
increase of salt concentration in the permeate [4]. Cassano 
et al. [5–7] conducted a study for real chromium solutions 
in a pilot scale NF installation. The retention of chloride was 
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equal to 20%. It is important that, in each case, regardless of 
both, the membrane type and the solution composition, a 
very high retention of chromium, in the range of 94%–99%, 
was achieved [1–7]. As a result, a permeate with high concen-
tration of chlorides and a retentate characterized with a high 
concentration of chromium and a slightly lower salinity were 
obtained. The above review shows, that NF process works 
for salt separation, but not for real desalination of tannery 
wastewater. 

NF process in a diafiltration mode is proposed to reduce 
as much salt as possible from the feed solution. This process 
involves washing out of low molecular weight substances, 
with the use of a washing diluent, added to the feed solution 
[8,9]. It consists of three steps: pre-concentration, where the 
volume of the feed solution is partially reduced; diafiltration 
– when a washing diluent is added in different way to the 
preliminary concentrated feed solution; post-concentration – 
which involves further reduction of the volume of the feed 
solution [8–14]. Xie and Xu [15] carried out NF process in 
the diafiltration mode in order to desalinate a glyphosate 
liquor. They noticed that during this process more than 75% 
of chloride ions were removed from a tested solution, for the 
volume ratio (ratio of the feed volume after the pre-concen-
tration to the added diluent volume) of 2. Zhang et al. [16] 
applied NF process in a diafiltration mode in order to reduce 
the salt concentration in a lactulose syrup. For the volume 
ratio of 5, they achieved a 97% reduction of NaCl for the 
studied system.

Consequently, based on the literature review, we suppose 
that NF process in a diafiltration mode can give beneficial 
results as far as the desalination of chromium(III) solution 
is concerned. To our knowledge, there have been no reports 
regarding the desalination of chromium tannery wastewater 
by NF in the diafiltration mode.

In this paper, the authors present results of the research 
concerning desalination of a simulated chromium tannery 
wastewater for a constant volume of the diafiltration process 
(constant volume of diafiltration [CVD]) and the intermittent 
volume diafiltration (IVD) process. Additionally, the impact 
of the process execution in terms of permeate flux, salt 
removal and chromium(III) concentration was investigated.

2. Materials and methods

NF process in the diafiltration mode was carried out in 
the laboratory installation presented in Fig. 1.

The experiments were performed with the use of the flat 
sheet DL membrane with an effective surface area of 0.0155 m2 
provided by GE Osmonics. The characteristic of the DL mem-
brane used in the experiments is presented in Table 1. The 
study was performed at TMP = 1 MPa, QR = 800 L h–1. The feed 
solution temperature equal to 20°C ± 1°C was maintained 
during the processes.

The simulated solution of chromium tannery wastewater 
(4 L) was pumped through a high-pressure pump from a 
feed/retentate tank directly to the NF membrane module. 
The retentate was turned back to the feed/retentate tank and 
the permeate was collected in the permeate tank. 

The simulated solution of chromium tannery waste-
water contained 2 g Cr3+ L–1, 10 g SO4

2−  L–1 and 20 g Cl– L–1, 
and it was characterized by pH ≈ 4. For preparation of 

the simulated solution, following chemicals were used: 
CrCl3·6H2O (Chempur®), Na2SO4 (Chempur®) and NaCl 
(Chempur®). Samples of retentate and permeate collected 
during the process were analyzed in terms of concentration 
of chromium with the spectrophotometer tric method with 
1.5 – diphenylcarbazide in Nanocolor UV/VIS at the wave-
length λ = 540 nm. The chloride concentration was analyzed 
using the Mohr method.

NF process in the diafiltration mode was conducted for 
an IVD and a CVD.

In the IVD mode, the pre-concentration of the feed solu-
tion was carried out until the permeate flux decreased to 
about 20% of its initial value. The volume of the retentate 
after the pre-concentration step amounted to 2.7 L. During 
the diafiltration step the washing diluent was added to the 
retentate by portions. Each portion of the added washing 
diluent (1.35 L) was equal to the volume of the permeate 
collected during the pre-concentration step. This activity 
was repeated twice. The total volume of the added washing 
diluent corresponded to the volume of the retentate after the 
pre-concentration step. After adding the second portion of 
the washing diluent, the filtration step was considered as the 
post-concentration step. The process was finished when the 
permeate flux decreased to about 60% of its initial value.

In the CVD mode, the washing diluent was added to 
the retentate when the permeate flux decreased to about 
20% of its initial value. The volume of the retentate after the 
pre-concentration was equal to 2.7 L. During the diafiltration 

Fig. 1. Scheme of a laboratory installation for nanofiltration in 
the diafiltration mode: 1 – thermostat, 2 – feed/retentate tank, 
3 – high pressure pump, 4 – NF module, 5 – valve, 6– manometer, 
7 – permeate tank, F – feed, R – retentate, P – permeate, D – washing 
diluent (RO water).

Table 1
Characteristic of DL membrane used in the experiments [2,17–19]

The DL membrane

Surface material Polyamide
Support material Polysulfone
Type of membrane Thin film
Cut-off (Da) 150–300
Max pressure (MPa) 4.0
Max temperature (°C) 90
pH range 2–11
Isoelectric point (pH) 3.0
Zeta potential (mV) (pH = 4) –14.0
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step, the washing diluent was constantly added with an 
equal rate as the permeate was collected and the volume of 
the retentate during the diafiltration step was constant. The 
total volume of the washing diluent corresponded to the 
volume of the retentate after the pre-concentration step. 
The post-concentration was carried out as the permeate flux 
decreased to about 60% of its initial value. 

In both options of NF, the same volume of the washing 
diluent (2.7 L) was used for salt elution and it corresponded to 
the volume of the retentate after the pre-concentration step.

Permeate flux (Jp) was determined from the Eq. (1) [20]:

J
V
A tP
P=
⋅  (1)

where Jp is permeate flux (L m–2∙h–1), VP is volume of the 
received permeate (L), A is membrane area, (m2), t is time (h).

Chromium(III) ions retention ratio (R) was determined 
from the Eq. (2) (20):

R
C
C
P

N

= −








 ⋅1 100%  (2)

where R is chromium(III) retention ratio (%), CN is concentra-
tion of chromium(III) ions in the feed (g L–1), CP is concentra-
tion of chromium(III) ions in the permeate (g L–1).

The salt elution ratio (E) was determined from the Eq. (3) 
[20]:

E
C
C
K

O

= ⋅100%  (3)

where E is salt elution ratio (%), CO is salt concentration in the 
feed solution after pre-concentration (g L–1), CK is salt concen-
tration in the concentrate during diafiltration (g L–1).

3. Results and discussion 

3.1. Permeate flux

In both types of the diafiltration, changes in the permeate 
flux were observed. During the pre-concentration step, the 
permeate flux in both, CVD and IVD NF modes decreased 
(Fig. 2), which was a result of the increasing ion concentra-
tion in the retentate [19,21].

During the diafiltration step in the IVD mode, the peri-
odical changes in the permeate flux (Fig. 2(a)) were observed. 
It is characteristic, when the washing diluent is added into 
the solution, the permeate flux increases. This phenomenon 
can indicate the interruption of the boundary layer formation 
and minimize the membrane polarization [15]. 

In the diafiltration step in the CVD mode, the permeate 
flux was constant (Fig. 2(b)). Introducing a washing diluent 
with an equal rate as the permeate was collected, made that 
the polarization layer formed near the membrane surface 
was not changed. 

During the post-concentration step, the higher reduction 
in the retentate volume led to the rise in the concentration of 

its particular components. The consequence of this was the 
permeate flux decrease. These changes were clearer for NF 
process in the IVD mode (Fig. 2). This phenomenon can be 
explained by two aspects. Firstly, an increase in membrane 
polarization, caused by a worse desalination level in this case 
(Table 2), probably influenced on the exceeding of solubility 
of the local retentate component. It led to the precipitation of 
chromium sediment, probably chromium chloride. The scaling 
of the membrane clearly decreased the permeate flux. In Fig. 3, 
the membrane after NF in the IVD mode and the NF in the 
CVD mode processes is shown. The intense, dark places on the 
membrane after NF in the IVD mode indicate the formation of 
a sediment layer (Fig. 3(a)). Such an effect hardly appears in the 
case of NF in the CVD mode, when more effective desalination 
of the simulated chromium solution was achieved (Fig. 3(b)). 
Secondly, higher chromium concentration intensifies its 
actions with a negative membrane fixed ions. Such conditions 
favor chromium adsorption on a membrane surface.

Fig. 2. Changes in the permeate flux vs. time during desalination 
of the simulated chromium tannery wastewater by NF in (a) IVD 
and (b) CVD mode.

Table 2
Characteristics of the process parameters

Parameter CVD IVD

Concentrate volume, L 1.4 1.5
Final chromium concentration in 
the retentate, g L–1

4.93 3.96

Final chloride concentration in the retentate, 
g L–1

7.65 9.21

Water consumption, L 2.7 2.7
Average, final chromium concentration in 
the permeate, g L–1

0.14 0.11

Average, final chloride concentration in 
the permeate, g L–1

12.76 11.77

Process time, min 585 525
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It was always observed, that the way of NF conductance 
had an influence on the time of the process. Thanks to favor-
able values of the permeate flux during the diafiltration step 
after NF in the IVD mode, it was possible to shorten the pro-
cess time. Additionally, because of the membrane scaling at 
post-concentration, the time of this step was also slightly 
shorter. As a result, the process of NF in the IVD mode 
took 1 h less than process of NF in the CVD mode.

3.2. Salt removal

To evaluate the feasibility of NF for chromium solution 
desalination, the IVD and constant volume diafiltration 
(CVD) were conducted at the pressure of 1.0 MPa. The salt 
elution in NF in the CVD mode was about 62%, while in NF 
in the IVD mode only 54% (Fig. 4). Differences in desalination 
between CVD and IVD modes were caused by differences in 
the case of the washing diluent added during the diafiltra-
tion step. Due to the Donnan effect, the higher the ion con-
centration into the solution, the higher ion concentration in 
the membrane and consequently in the permeate [2]. Thus, 
addition of washing diluent, with the same rate as the rate of 
permeate collection during the diafiltration step in NF in the 
CVD mode, prevented sudden dilution of the retentate. The 
authors did not observe any leap changes in salt concentra-
tion, what made the elution of chloride ion efficient.

In this case, the salt elution was like a theoretical value 
(63%) – the elution ratio for membrane with complete per-
meability in relation to chloride ions and for the volume of 
washing diluent equaled to volume of the retentate after 
pre-concentration step [20]. In NF in the IVD mode, periodic 
addition of high amounts of a washing diluent caused a sig-
nificant decrease in salt concentration in the solution and a 
lower level of washed out chloride ions was obtained.

3.3. Chromium(III) concentration

At the experiment conditions, NF of the simulated 
chromium tannery wastewater allowed the salt concentration 
reduction from 20 to 7.65 g Cl– L–1 and 9.21 g Cl– L–1, in the 
case of NF in the CVD and IVD mode, respectively (Table 2). 

At the same time, in both NF options, high chromium reten-
tion was obtained (Fig. 5). Partial decrease in chromium 
retention for both, CVD and IVD NF was caused by chro-
mium elution through the addition of the washing diluent 
during the diafiltration step. Differences between chromium 
retention in each tested mode were the result of different way 
of the process execution. 

Both, high chromium retention and high feed solution 
volume reduction allowed achieving the high chromium con-
centration of the retentate (Table 2). For NF in the IVD mode, 

(A) (B)

Fig. 3. Pictures of the membrane after NF process in (a) IVD mode (b) CVD mode.

Fig. 4. Salt elution from a simulated chromium tannery 
wastewater by NF in CVD and IVD mode.

Fig. 5. Chromium(III) retention during nanofiltration of the 
simulated chromium tannery wastewater in CVD and IVD mode.
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chromium concentration in the retentate increased nearly 
twice. For NF in the CVD mode, the obtained final chromium 
concentration was almost 2.5 times higher than its initial 
concentration. It was possible, because of better salt removal 
during the diafiltration step in NF in the CVD mode, which 
decreased membrane polarization and allowed to receive a 
higher amount of permeate during the post-concentration 
step.

4. Conclusion 

The aim of this work was to define the impact of NF con-
ductance method on the chromium solutions desalination 
efficiency. Two different NF methods were examined: NF as 
a CVD mode and NF as an IVD mode. The analysis of the 
results confirmed, that NF in the CVD mode enables better 
desalination of the simulated chromium tannery waste-
water than the NF in IVD mode. The continuous dilution 
of the pre-concentrated feed solution during the diafiltra-
tion step facilitated high level of salt removal. Such condi-
tions enabled the maintenance of stable salt concentration 
in the permeate flux, what made chloride ion elution effi-
cient. Moreover, the membrane polarization decreased and 
the better volume reduction of the solution was possible. 
Additionally, better retention of chromium was received 
during NF in the CVD mode than for NF in the IVD mode. 
As a result, concentrated chromium solution with a low salt 
content was obtained.

Symbols

A — Membrane area, m2

CO —  Salt concentration in the feed solution after 
pre-concentration, g L–1

CK —  Salt concentration in the concentrate during 
diafiltration, g L–1

CN —  Concentration of chromium(III) ions in the feed, 
g L–1

CP —  Concentration of chromium(III) ions in the 
permeate, g L–1

E — Salt elution ratio, %
Jp — Permeate flux, L m2∙h–1

R — Chromium(III) retention ratio, %
t — Time, h
VP — Volume of the received permeate, L
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