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High-pressure batch reverse osmosis (RO) for zero liquid discharge (ZLD) in 
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S. Karimi a, R. Engstler b, E. Hosseinipour a, M. Wagner c, F. Heinzler c, M. Piepenbrink c, 
S. Barbe b, P.A. Davies a,* 

a School of Engineering, University of Birmingham, Edgbaston, Birmingham, UK 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• First implementation of batch RO tech
nology at high pressure of 120 bar 

• Method for setting switch pressure in 
hybrid semi-batch/batch RO operation 

• Cr(III) recovered from metal plating 
rinse water at industrial scale 

• Concentration factor of 10–23 for Cr(III) 
achieved in a single process step 

• Specific energy consumption of <2.25 
kWh/m3 and water recovery of 95 %  

A R T I C L E  I N F O   
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A B S T R A C T   

A batch RO system was designed and built for high-pressure (120 bar) operation. The system was developed for a 
ZLD application involving treatment of metal plating wastewater from a Cr(III) electroplating process at a major 
industrial plant. Hybrid semi-batch/batch operation enabled a compact design to be achieved. To maximize 
water recovery without exceeding a set peak pressure, a method for controlling the switch point between semi- 
batch and batch phases was developed. The system was tested with feed representative of rinse water from the 
electroplating process. A range of feed concentrations (at 10–20× dilution of the plating bath), feed flows 
(0.21–0.46 m3/h), water fluxes (6–14 LMH) and water recoveries (87–95.7 %) were investigated. The system 
successfully recovered Cr(III) and restored its concentration to that of the electrolyte bath, thus meeting the 
requirements for reuse in the electroplating process. Rejection of most species was >99.8 %, sufficient for reuse 
of the permeate as rinse. However, rejection of boric acid was only 69–80 % such that a second RO pass may be 
needed to remove boric acid. Specific Energy Consumption was <2.25 kWh per m3 of treated rinse water, 
representing a 50-fold saving compared to the current method of treatment and disposal at the industrial plant.  
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1. Introduction 

Batch RO is an innovative approach to desalination that enables high 
recoveries to be achieved with modest energy consumption [1–5]. This 
makes it especially interesting for separation and recovery processes 
where zero or minimal liquid discharge is required. Several configura
tions of batch RO have been presented in the literature [6,7]. In prin
ciple, batch RO can achieve the theoretical ideal minimum specific 
energy consumption (SEC) of desalination [8]. In practice, however, 
there are several losses that affect its efficiency. Taking into account 
frictional losses and concentration polarization, Werber et al. [9] carried 
out a theoretical study to compare the performance of batch RO against 
several other RO configurations. These configurations included batch, 
semi-batch, and conventional staged RO processes. The study confirmed 
that, even considering losses, batch RO incurs the least SEC. However, 
true batch RO requires a large-pressurised vessel of variable volume, 
making it difficult to scale up. The size of this vessel increases with re
covery ratio. Thus, while batch RO has been demonstrated at recovery of 
80 % [2], at higher recovery practical implementation becomes difficult 
unless some modifications are introduced. 

To overcome this difficulty, Park et al. [10] recently proposed a 
hybrid mode of operating batch RO that achieved similar SEC to true 
batch RO, while using a smaller pressurised vessel (i.e., work 
exchanger). Hybrid batch RO uses a preliminary semi-batch phase fol
lowed by a batch phase. The hybrid approach was later validated 
experimentally using brackish water feed, achieving in a single stage 95 
% water recovery with SEC <0.6 kWh/m3 [11]. Such high recovery has 
great potential for ZLD applications. Nonetheless, this experimental 
study [11] had some important limitations, namely: (1) because the 
batch RO system was rated at only 25 bar, it could not achieve high final 
concentrations, thus limiting its use in ZLD; and (2) no systematic 
method was presented for controlling the switch point between semi- 
batch and batch phases of operation, which (as this study will show) 
is an important consideration in high-pressure operation. In this study, 
we present a high-pressure (120 bar) batch RO system with water 

recoveries >95 % and we apply it to a challenging ZLD application in 
electroplating of chromium. 

In general, electroplating processes tend to produce large amounts of 
environmentally-hazardous wastewater [12]. In the case of chromium, 
strict regulations limit concentrations in wastewater in most European 
countries. Limits range from 0.05 to 0.3 mg/L for hexavalent chromium, 
Cr(VI), and from 0.3 to 10 mg/L for total chromium content in effluents. 
Germany has especially strict regulations, limiting Cr(VI) to 0.1 mg/L 
and total chromium to 0.5 mg/L [13]. Electroplating also faces eco
nomic challenges [14]. According to the German Central Association for 
Surface Technology, the cost of chromium electroplating had increased 
by 52 % in 2021 compared to the mean over 2015–2017, reaching 11.98 
€/m2. This increase was driven by a 37 % increase in energy costs and a 
63 % increase in metal costs [15]. The cost has recently increased 
further, reaching 17.17 €/m2 [16]. Cr(VI) is carcinogenic and is being 
phased out in favour of trivalent chromium, Cr(III), as a less harmful 
alternative [17,18]. Nevertheless, Cr(III) still presents a significant 
environmental hazard. Moreover, it is more expensive than Cr(VI) in 
terms of the whole electrolyte composition and its maintenance, thus 
giving a strong incentive to recover and reuse Cr(III) waste. 

In the Cr(III) plating process, parts are immersed in an electrolyte 
bath for the electrodeposition of chromium layers. The electrolyte 
contains a chromium source together with organic acids as complexing 
agents, boric acid as buffer, sulfates as conducting salts, plus other 
organic additives and surfactants to increase plating performance 
[19–21]. The parts are then rinsed of excess plating chemicals, gener
ating a stream of wastewater. 

Traditional thermal technologies consume substantial energy to treat 
such electroplating wastewater [22]. For example, Yang et al. [23] used 
mechanical vapor compression (MVC) and reported a SEC of 58 kWh/ 
m3. Common chemical treatment methods include hydroxylic precipi
tation which produces an insoluble metal sludge, which is separated by 
filtration [14]. Coagulation or flocculation agents are often used to 
improve the sedimentation or flotation of the sludge and reduce its 
settling time, which further increase the costs. Other treatments include 

Nomenclature 

Symbols 
A m2, Membrane area 
Am LMH/bar, Membrane permeability 
aw -, Water activity 
c mg/L, Concentration 
cf mg/L, Feed concentration 
cp mg/L, Permeate concentration 
cc mg/L, Concentrate concentration 
Erp kWh, Energy consumption of recirculation pump 
Esp kWh, Energy consumption of supply pump 
J LMH (L/m2/h), Water flux 
k bar.L/mg, Constant 
n osmol/kg, Osmolality 
P bar, Pressure 
P0,I bar, Initial pressure for the first cycle 
Pm bar, Hydrodynamic friction of the membrane pores 
Pmax bar, Maximum pressure 
Pswitch bar, Switch pressure 
pKa -, Acid dissociation constant 
Qp L/min, Permeate flowrate 
r %, Water recovery 
Rs %, Rejection 
R J/(gmol.K), Universal gas constant 
T K, Temperature 
V0 L, Internal volume 

Vb0 L, Feed volume during the batch phase 
Vback L, Osmotic backflow 
Vconc L, Purge volume 
Vf L, Feed volume 
Vp L, Permeate volume 
Vs m3/gmol, Partial molar volume of water 
Vsb L, Feed volume during the semi-batch phase 
η -, Empirical pressure correction factor 
π bar, Osmotic pressure 
ρw kg/L, Water density 

Abbreviations 
CF Concentration Factor 
LMH Litre per square Meter per Hour 
MVC Mechanical Vapor Compression 
NF Nanofiltration 
PLC Programmable Logic Controller 
REACH Registration, Evaluation, Authorisation and Restriction of 

Chemicals 
RO Reverse Osmosis 
SEC Specific Energy Consumption, electrical kWh per m3 of 

treated wastewater 
SI Supporting Information 
TOC Total Organic Carbon 
UF Ultrafiltration 
UV Ultraviolet 
ZLD Zero Liquid Discharge  
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adsorption on powdered activated carbon or ion exchange resins. Elec
trochemical methods have also been investigated, including electro
coagulation, electrodeposition and electrodialysis; nonetheless, these 
may incur high capital and energy costs, and create new waste streams 
[24–26]. 

Membrane separation technologies have the potential to overcome 
such limitations. Their advantages include simplicity, cost-effectiveness, 
energy efficiency, and scalability. Membrane technologies – including 
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) – have 
received increased attention for the removal of various metal ions 
[14,27]. Although RO has been used to remove Cr(VI) from wastewater 
[28–32], its use for Cr(III) rinse water treatment is quite new. To our 
knowledge, the only relevant study on Cr(III) is that of Engstler et al. 
[19] which used a conventional bench-top RO system in the laboratory. 
The study achieved the concentration factor needed for direct reuse of 
the electroplating chemicals. Nonetheless, the system was much too 
small for industrial implementation, comprising just 160 cm2 of mem
brane and processing only a few litres of wastewater over several weeks. 
No measurements of SEC were taken or reported. Moreover, severe 
membrane fouling was observed which led to a halving of the membrane 
permeability, such that this system did not provide an industrial solution 
for Cr(III) wastewater treatment. 

Because electroplating rinse water is very dilute, most of the water 
(~90–95 %) must be removed to restore the electrolyte concentration 
sufficiently for reuse. In the field of desalination, such a high percentage 
of water recovery is quite unusual and challenging. In seawater desali
nation by RO, for example, the water recovery is typically only about 45 
% [33]. Increased recovery tends to increase the SEC of RO [34]. 
Meanwhile, energy saving is ever more important to the metal plating 
industry. This makes an energy-efficient approach, such as batch RO, 
attractive in this application. 

Batch RO has been evaluated for seawater [35], brackish ground
water [2] and for agricultural runoff water [36]. But to our knowledge, it 
has not been studied for water reuse in the metal plating industry, nor 
has it been implemented at high pressure. Therefore, the goal here is to 
develop and test a full-scale batch RO system for Cr(III) recovery and 
water reuse. The specific objectives are:  

(1) Develop an efficient, 120-bar batch RO system that can process 
industrial quantities of Cr(III) rinse water with SEC <2.5 kWh/m3 

and water recovery up to ~95 %.  
(2) Present a method for setting the switch point from semi-batch to 

batch phase in hybrid operation, as needed for the automation of 
the process.  

(3) Test the system with metal plating rinse water made up in the 
laboratory, and measure key performance parameters including 
concentration factor and rejection of the main electroplating 
chemicals, pressure, SEC, water recovery, permeate quality and 
flux.  

(4) Assess fouling and durability of the RO membrane in this system. 

These objectives are guided by an application that is representative 
of modern Cr(III) plating industry, as described in Section 2. Then, 
Section 3 explains the concept and development of the high-pressure 
batch RO technology. Section 4 presents the theory of the methods 
used to set the switch point. The experimental procedure, equipment 
and characterisation methods are given in Section 5 while Section 6 
presents the results (including the assessment of fouling) and discusses 
how the findings compare with earlier works. Section 7 states the main 
conclusions of the study. 

2. Industrial electroplating plant 

The batch RO system has been designed to meet the requirements of 
the state-of-the-art Cr(III) plating process of BIA Kunststoff- und Gal
vanotechnik GmbH & Co. In the BIA plant, parts of ABS (acrylonitrile- 

butadiene-styrene) undergo several successive process steps separated 
by dedicated rinsing baths. Etching, activation, and acceleration steps 
first prepare the parts for metal electroplating by rendering the surface 
conductive. A thin 1–2 μm nickel layer is then applied to reinforce the 
surface, followed by a thick 20–30 μm copper layer to correct any un
evenness and provide ductility. Next, another 7–10 μm of semi bright 
nickel is applied for corrosion resistance. Nickel is electroplated in two 
further steps to make the surface bright or satin and for more corrosion 
protection. To avoid cross contamination, thorough rinsing is applied to 
ensure that virtually all soluble nickel is removed from the parts. Finally, 
electroplating of a 0.3–0.8 μm layer of chromium generates a hard and 
chemically resistant surface. The finished parts are supplied mainly to 
the automotive industry. 

The plant has three Cr(III) plating lines each including a 1.5-m3 rinse 
bath (Fig. 1) which is emptied twice weekly, thus generating in total 
about 9 m3 of chromium-contaminated rinse water per week. As the 
rinse water becomes contaminated by drag out from the electrolyte bath, 
it has similar composition to the electrolyte bath but diluted by a factor 
of 10–20 typically. As such, it contains 500–1000 mg/L of Cr(III) which 
greatly exceeds the allowed limit of 0.5 mg/L for wastewater discharge. 
Despite the high cost of the plating chemicals and their disposal, BIA 
(like other electroplating factories) has not yet been able to implement 
any effective recovery process. Currently, the rinse is disposed of by 
hydroxylic precipitation to form a Cr(OH)3 sludge. However, an initial 
treatment by UV/H2O2 oxidation is needed to destroy the complexing 
agents. The UV lamps are energy intensive, and for this reason disposal 
currently incurs a SEC of 118 kWh of electricity per m3 of wastewater. As 
shown in Fig. 1, it is now proposed to recycle both water and chemicals 
in this process, with the help of batch RO to achieve much lower SEC. 

3. Batch RO system 

The batch RO system was supplied by ETS Design Ltd., London 
(model number 477) and installed in the laboratory at the University of 
Birmingham (Fig. 2). The design was based on an earlier system also 
installed at the university [2] but with upgrades for the high-recovery 
and high-pressure operation needed for the metal plating wastewater 
treatment. 

Unlike the earlier system, this system was designed from the outset to 
be operated in hybrid semi-batch/batch mode, thus avoiding the need 
for an excessively large work exchanger [10,11,37]. If non-hybrid batch 

Fig. 1. Schematic of Cr(III) plating line at BIA, showing the electrolyte bath 
and rinse bath. The dashed box indicates the proposed recycling system using 
batch RO. 
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mode had been specified, a work exchanger volume of about 300 L 
would have been needed to achieve the required water recovery of 95 %. 
In hybrid operation, this volume is reduced to just 38.5 L without sig
nificant penalty in SEC [10]. This size reduction is especially important 
because of the space restrictions at the BIA factory where a similar 
system will later be installed. Moreover, though multi-stage conven
tional RO may be another option to achieve 95 % recovery, in practice 
this would likely require a 3-stage system with a large footprint and of 
capacity exceeding the requirements of this application. In contrast, the 
hybrid batch RO system provides a compact solution at the required 
scale. 

Fig. 3 illustrates the concept of the system operating in hybrid mode. 
It includes two pumps: a supply pump, that provides a feed pressure of 
120 bar, and a recirculation pump that operates under a high pressure 
but provides a low pressure rise to overcome internal pressure losses. It 
also includes three valves: the bypass, recirculation, and concentrate 
valve. Operation is cyclic involving three phases, i.e., semi-batch pres
surization, batch pressurization, and purge-and-refill. The phase is 
determined by the state of the valves. In the semi-batch phase (Fig. 3a) 
the bypass and recirculation valves are open while the concentrate valve 
is closed. The piston is stationary at the left end of the work exchanger, 
resulting in a fixed internal volume. Wastewater is fed via the supply 
pump and mixed with concentrate returning from the RO membrane 
module, while the recirculation pump sends the mixed solution to the 
work exchanger. The solution then passes through the recirculation 
valve and the membrane module where permeate water exits such that 
the recirculating solution gradually becomes more concentrated. 

At the end of the semi-batch phase, the system is switched to batch 
phase by closing the bypass valve while the other two valves remain in 
the same state (Fig. 3b). The switch causes the pressure to rise more 
sharply. In the absence of the bypass path, the high-pressure supply 
forces the piston to the right, thus decreasing the internal volume. This 
phase continues until the piston reaches the other end of the work 
exchanger. With the concentrate valve closed, the volume of permeate 
corresponds to that displaced by the piston. Finally, the purge-and-refill 
phase (Fig. 3c) is started by opening the concentrate and bypass valves 
and closing the recirculation valve. Now, the supply branches in two 
directions after the bypass valve. It displaces the concentrate from the 
RO module, which leaves the system via the concentrate valve. It also 
passes through the recirculation pump and refills the work exchanger. 
Pressure variations in semi-batch and batch phases of hybrid operation 
are shown in Fig. 4. 

Preliminary measurements indicated that, depending on the type of 
electrolyte, the osmotic pressure of the electrolyte bath could reach 78 
bar. To overcome this while providing sufficient net driving pressure, it 
was estimated that an applied pressure exceeding 100 bar may be 

required. In contrast, the earlier system was rated at only 25 bar because 
it was designed to treat only brackish water [11]. Even seawater RO 
systems and membranes are normally rated at only 80 bar. Nonetheless, 
some membrane manufacturers have recently introduced membranes 
rated at high pressures for ZLD applications. The membrane selected for 
this study is rated at 120 bar (a DuPont™ XUS180808, an 8-in. diameter, 
1.016 m long spiral-wound polyamide thin-film composite membrane 
with active area of 30.6 m2). This kind of high-pressure RO membrane 
and process is a recent innovation that introduces several challenges 
with respect to, for example, safety, sealing and membrane compaction 
[38]. 

To ensure operator safety and system integrity at such high pressure, 
the design includes several features. A pressure relief valve actuates at 
120 bar, releasing pressure and tripping a safety relay. The relay then 
cuts off power to the supply pump and opens two pneumatic drain 
valves, thus releasing system pressure at three points. All pressurised 
components are housed in a transparent polycarbonate enclosure with 
doors interlocked to the safety relay (Fig. 2). The safety relay also re
sponds to other fault conditions including manual intervention via the 
emergency stop buttons. All these features are designed to be failsafe, 
such that loss of electrical or pneumatic supply, or an open-circuit fault 
condition, will cause the equipment to default to its safe state in which 
the drain valves are open. The Supporting Information (SI) provides a 
detailed schematic of the batch RO system (Fig. S1) and lists its main 
components including the pumps, valves, sensors, and controls (Table 
S1). The system is controlled by a programmable logic controller (PLC). 

4. Theory 

An important consideration in the operation of the batch RO system 
is the criterion for switching from semi-batch to batch pressurization 
phase (see Fig. 3). If the switch is too early, insufficient concentration 
will occur for reuse of the electrolyte. If too late, the pressure will rise 
above the safe working pressure and the system will automatically shut 
down and require restarting. To avoid such difficulties, the following 
theory provides two methods for setting the switch point. 

4.1. Concentration factor method 

The first method sets the switch point according to a target con
centration factor CF. This factor refers to the chromium concentration in 
the concentrate divided by that in the rinse water feed. Because the 
chromium is thoroughly rejected by the high-pressure RO membrane (as 
confirmed in Section 6.1) virtually all the chromium is collected in the 
concentrate. Thus, provided that the system is operating in a steady 
cyclic condition such that no chromium accumulates internally, CF is 

Fig. 2. The installed pilot scale 120-bar batch RO system at the University of Birmingham, UK, showing 8-in. RO module (top) and work exchanger (bottom) inside 
safety enclosure. 
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calculated by dividing the volume Vf of rinse water fed to the system by 
the volume of concentrate, Vconc, collected from the system, i.e. 

CF =
Vf

Vconc
=

Vsb + Vb0 + (Vconc − Vback)

Vconc
(1)  

where Vsb, Vb0 , and (Vconc − Vback) are the feed volumes during the semi- 
batch, batch, and purge-and-refill phases respectively. Vback is the os
motic backflow [11]. Table 1 shows the volumes used in this study as 
determined by the design of the system. 

Based on these volumes, eq. (1) becomes 

CF = 3.1+
Vsb

16
(2) 

Eq. (2) provides a criterion for the switch point based on setting Vsb, 
which is known from the change in mass (or level) of the feed tank. In 
other words, to achieve a target CF we need to supply: 

Vsb = 16 (CF − 3.1) (3) 

Eq. (2) shows that CF increases with Vsb from the minimum value of 
3.1 at Vsb=0. 

4.2. Peak pressure method 

The second method addresses the risk of excessive pressure. The 
method relies on a minimum number of input parameters, making it 
simple to implement. It avoids the need for accurate characterisation of 
the rinse water feed. 

According to the solution-diffusion theory, the applied pressure (P) 
in RO has two components, one corresponding to the hydrodynamic 
friction of the membrane pores (Pm) and the second corresponding to 
osmotic pressure (π). Thus: 

P = Pm + π (4) 

The first component (Pm) is equivalent to the permeate flux (J) 
divided by the membrane permeability (Am), i.e. 

Switch

Fig. 3. Flow diagram and the working principle of the hybrid semi-batch/batch RO, showing the three phases of cyclic operation. The solid and dashed lines show 
flow and no flow, respectively. 

Fig. 4. Principle of determination of switch pressure based on pressure vs. feed 
volume. The dashed grey curve indicates the first cycle. Also showing the semi- 
batch and batch phases of hybrid operation, with the switch occurring at the 
end of the semi-batch phase. 

Table 1 
Volumes of the high-pressure batch RO rig used in this study [L]. The osmotic 
backflow was based on the maximum value observed in an earlier study [2].  

Feed volume batch phase (work exchanger swept volume) Vb0  38.5 
Concentrate volume Vconc  16.0 
Osmotic backflow Vback  5.0 
Internal volume V0  54.9  
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Pm = J/Am (5) 

J is the permeate flowrate (Qp) divided by the membrane area (A). 

J =
Qp

A
(6)  

where the permeate flowrate (Qp) is the permeate volume 
(
Vp

)
divided 

by the total duration of the semi-batch and batch pressurization phases. 
Therefore, Pm is proportional to the feed flow and is considered a con
stant for a series of cycles of the batch RO system (normally lasting less 
than one day) during which the feed flow and flux remain constant. 

The osmotic pressure component in eq. (4) is related to the con
centration, c, of the solute inside the batch RO system. Osmotic pressure 
increases with concentration and, at low concentrations such as those 
occurring during the semi-batch phase, the relation is expected to be 
linear according to a constant k. This constant lumps together factors 
such as the osmotic coefficient of the solute, temperature, rejection, and 
concentration polarization effects which are assumed approximately 
constant for a given series of cycles. Thus eq. (4) becomes: 

P = Pm + kc (7) 

During the semi-batch phase, the internal volume of the system re
mains fixed at V0 and solute is gradually added at concentration cf via 
the feed stream which arrives at a flow rate of dVf/dt where Vf is the 
volume of feed that has been added since the beginning of the phase. 
This accumulation of mass causes the concentration to rise with time, i.e. 

V0
dc
dt

=
dVf

dt
cf (8) 

This may be written as: 

dc
dVf

=
cf

V0
(9) 

Because Pm is constant, eq. (7) can be differentiated with respect to 
Vf to give: 

dP
dVf

= k
dc
dVf

(10) 

Substituting from eq. (9) gives: 

dP
dVf

= k
cf

V0
(11) 

Eq. (11) shows that the pressure is expected to rise linearly with feed 
volume at a rate proportional to the feed concentration (cf). At the 
beginning of the first cycle of the batch RO operation, the system is 
initially filled with solution at the feed concentration. Therefore, the 
initial pressure (P0,I) according to eq. (7) will be: 

P0,I = Pm + kcf (12)  

where the second subscript ‘I’ indicates ‘the first cycle’. Substituting 
from eq. (11) and rearranging for Pm provides: 

Pm = P0,I − V0
dP
dVf

(13) 

Eq. (13) allows the value of Pm to be determined from the slope and 
intercept of the pressure vs volume curve during the first cycle (see 
Fig. 4). 

Next the batch phase is considered. During this phase, the volume of 
the system is decreased from V0 by the swept volume Vb0 of the work 
exchanger to give a final volume of V0 − Vb0. Applied pressure increases 
from P1 to P2. This phase is approximately a constant mass phase, 
whereby the same amount of solute is compressed into a smaller volume, 
and osmotic pressure is expected to rise in inverse proportion to the 
volumetric ratio (V0 − Vb0)/V0. Nonetheless, experiments have shown 
that the observed rise in pressure is slightly less than expected [11]. 
Reasons for this may include: (1) <100 % rejection such that the mass of 

solute decreases; (2) deflection of the membrane and dilation of the 
pressurised system; (3) sub-linear increase of osmotic pressure with 
concentration. Therefore, an empirical correction η (slightly less than 
one) is applied to account for these factors, as follows: 

π2

π1
= η V0

(V0 − Vb0)
(14)  

where π1 and π2 are the osmotic pressures at the beginning and end of 
the batch phase, respectively. Like Pm, η is initially unknown, but it can 
be found after each cycle based on measured pressures as follows: 

η =
(P2 − Pm)

(P1 − Pm)

(V0 − Vb0)

V0
(15) 

η is assumed to remain approximately constant from one cycle to the 
next. The maximum osmotic pressure that can be utilised is the differ
ence between the maximum allowable pressure and the hydrodynamic 
friction pressure, i.e. 

π2 = Pmax − Pm (16) 

The corresponding switch pressure is given by: 

Pswitch = Pm + π1 (17) 

Combining eqs. (14), (16), and (17) gives the following equation for 
the switch pressure according to the maximum pressure Pmax: 

Pswitch = Pm +
(Pmax − Pm)

η
(V0 − Vb0)

V0
(18) 

Alternatively, this can be rearranged to calculate Pmax resulting from 
a given switch pressure: 

Pmax =
ηV0(Pswitch − Pm)

(V0 − Vb0)
+Pm (19) 

Eq. (19) confirms the importance of precise adjustment of Pswitch. 
This is because of the sensitive dependence of Pmax on Pswitch due to the 
multiplying factor of V0/(V0 − Vb0) which equals 3.35 in this study. For 
example, using typical values of η = 0.8, Pm=12 bar and the volumes in 
Table 1, a modest increase in Pswitch from 35 to 55 bar increases Pmax 

greatly from 70 to 120 bar. 
To summarize, the peak pressure method is implemented as follows:  

1. For the first cycle, a conservatively low value of Pswitch is chosen to 
ensure that Pmax is not exceeded. Pswitch is calculated by eq. (18) 
with η=1 and Pm based on previous tests carried out at similar feed 
flow. If no such test result is available, eq. (5) may be used to esti
mate Pm using permeability based on data from the membrane 
manufacturer. The PLC program controls the system to switch phase 
when the applied pressure reaches Pswitch.  

2. At the end of the first cycle, eqs. (13) and (15) are used to find more 
precise values of Pm and η respectively (for example, η=0.8) based 
on the measured data of pressure vs. feed volume. Eq. (18) is then 
used to determine Pswitch for the second cycle.  

3. Following each subsequent cycle, an updated value of η is found 
using eq. (15) while Pm remains constant. Eq. (18) is again used to 
determine Pswitch for the next cycle. 

The two approaches to determining switch point (i.e., based on 
concentration factor or based on peak pressure) will be evaluated and 
compared in the experimental part of this study. 

5. Materials and methods 

5.1. Experimental setup 

Fig. 5 shows the experimental set up including the batch RO rig, 
supply pump (CAT pumps, model 3CP1241G), plastic tanks (1500 L for 
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feed and permeate and 425 L for the concentrate tank), cartridge filter 
(Amazon Filters Ltd., Superpleat II 20 × 4.5-in. filter, 1 um) and sensors 
(see SI). The feed, permeate and concentrate tanks had scales (Mettler 
Toledo) to record the weight changes. Temperature of the feed tank was 
kept constant at 25 ± 0.5 ◦C using a thermostat and four immersed 650 
W titanium heaters. The energy consumption of the supply pump was 
monitored using a power sensor (Multitek M100-WA4). Pressure was 
measured using a sensor on the feed line (Applied Measurements LTD, 
P600). The peak pressure of each cycle was recorded at the end of the 
batch pressurization phase, when the highest concentration of concen
trate leaves the membrane module. A data logger recorded measure
ments from the sensors and scales at intervals of approximately one 
second. Raw experimental data are included as supplementary files (see 
SI Section 4). 

5.2. Rinse water preparation 

The rinse wastewater was prepared by dilution of the electrolyte bath 
solution to replicate the composition at the BIA plant. The electrolyte 
bath solution was synthesized using the TRILYTE® FLASH SF-POP 
products and procedure supplied by MacDermid Enthone (Birming
ham, UK) [39]. TRILYTE® FLASH SF-POP is a REACH compliant, 
corrosion resistant Cr(III) plating process providing a direct substitute 
for Cr(VI)-based solutions. It is used for the deposition of a bright 
decorative chromium layer over bright or satin nickel layers [40]. The 
products are listed in Table 2 together with their functions and the 
quantities used. 

The electrolyte bath solution was synthesized first by adding 65 L of 
tap water to the feed tank. Then, the TRILYTE FLASH SF Makeup was 
added followed by heating the solution using the immersion heaters to 
65–70 ◦C. Next, 23 Kg of TRILYTE FLASH SF Buffer was added in por
tions while vigorously stirring using a recirculation pump. This step was 
done very carefully to ensure that all the salts are dissolved. 2 kg of 
potassium hydroxide 50 % wt. (Fisher Scientific) was then added to the 
solution to adjust the pH to 3.5–3.9. Thereafter TRILYTE FLASH SF, 
Replenisher and TRILYTE WETTING AGENT were added and the water 
level topped up to 120 L. The measuring was done using the weighing 
platform beneath the tank (component density values were used to 
convert volumes to mass). Finally, a series of representative electro
plating rinse water bath compositions were prepared by dilution with 
tap water by a factor of 10, 15, and 20× respectively. These composi
tions were used as the feed to the batch RO in the experiments described 
next. 

5.3. Experimental procedure 

To investigate performance over a range of feed concentrations, 
fluxes, and recoveries, two series of experiments were carried out: the 
first at set concentration factor and the second at set peak pressure 

(following Sections 4.1 and 4.2 respectively). Experiments were con
ducted for at least three cycles and the measurement were done on the 
third cycle, as three cycles were enough to approximate steady state (see 
Fig. S2). Fluxes were adjusted over a range of 6–16 LMH by varying the 
speed of the supply pump. The recirculation flow, as measured by the 
flow sensor at the inlet to the recirculation pump, was adjusted to 6 
times the supply flow. For further details of the experimental procedure 
the reader is referred to previous work [2]. 

The results from the experiments were obtained as follows. The 
permeate volume (Vp) and feed volume (Vf) were measured according to 
weight changes of the tanks, dividing by the solution density. The 
density of 1 kg/L was used throughout because the dilute nature of the 
feed and permeate caused their densities to be within 2 % that of pure 
water. Water recovery r was calculated as the ratio: 

r =
Vp

Vf
(20) 

For components where rejection is nearly 100 %, the mass balance 
gives the concentration factor CF as the ratio of the volume of concen
trate (Vf − Vp) to the volume of feed (Vf). Therefore, CF was calculated 
by: 

CF =
1

1 − r
(21) 

The electrical SEC was calculated as the sum of the energy con
sumption of the supply pump (Esp) and recirculation pump 

(
Erp

)
, 

divided by the feed volume over a whole cycle: 

SEC =
Esp + Erp

Vf
(22) 

Rejection (Rs) was calculated by: 

Rs =
cf − cp

cf
(23)  

where cf and cp are the concentrations of a given ion in the feed and 
permeate respectively. 

Fig. 5. Experimental set up. Symbols T, W, E and P indicate respectively temperature, weight, power, and pressure sensors.  

Table 2 
Commercial products used to make up 120 L of the TRILYTE® FLASH SF-POP 
electroplating bath solution, based on [39].  

Commercial product Quantity Main function 

TRILYTE FLASH SF 
Makeup 

36 L Source of chromium (III) and complexing 
agent [41] 

TRILYTE FLASH SF 
Buffer 

23 kg Source of conductive salts and pH stabiliser 
(boric acid) [19–21,42,43] 

TRILYTE FLASH SF 
Replenisher 

2.4 L Provides bright deposits [42,44] 

TRILYTE WETTING 
AGENT 

0.12 L Reduces surface tension [42,45]  

S. Karimi et al.                                                                                                                                                                                                                                  



Desalination 580 (2024) 117479

8

5.4. Analytical methods 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
was used to determine concentrations of chromium, sulfate, boric acid in 
the feed and permeate. Further details are given in SI section 2, which 
also describes the determination of Total Organic Carbon (TOC) and 
measurement of osmotic pressure. 

6. Results and discussion 

6.1. Permeate concentrations and rejection 

Chromium, sulfate, and TOC were detected in only small amounts in 
the permeate with maximum concentrations of 1.13, 13.28, and 0.053 
mg/L respectively, as such well within the recycling limits for the rinsing 
bath of 10, 150, 100 mg/L respectively (see Table 3). In contrast, the 
concentration of boric acid in the permeate was ca. 1000–2000 mg/L, 
which was above the estimated allowed limit of 1000 mg/L. 

Corresponding to these concentrations, the average rejections of 
chromium, sulfate, boric acid and TOC were 99.88, 99.85, 74.97, and 
100 % respectively (see Table 3). Except for boric acid, all these re
jections were therefore >99.8 %, as expected in RO for such multivalent 
ions and large organic molecules. Due to the high rejection of chromium, 
the permeate appeared very clear, whereas the concentrate was dark 
blue, compared to the light blue colour of the rinse water feed (see 
Fig. 6). 

Rejection of boric acid was, however, only 69–80 %. This can be 
explained by the neutral character of the boric acid molecules at the 
working pH of 3.0–3.9 which is well below the pKa of 9.22. Therefore, 
the small uncharged and non-hydrated boric acid molecules can pass 
through the membrane to some extent [46]. Additionally, boric acid 
forms hydrogen bridges with the active groups of membranes and dif
fuses like water [47]. To ensure the required purity of the rinse water for 
reuse, the rejection needs to be improved to about 85 %. This could be 
achieved by adding a second RO pass (as indicated in the Graphical 
Abstract). 

6.2. Performance at set concentration factor 

The results of this section were obtained using the switch point 
method based on target concentration factor, as described in Section 4.1. 
Because of the high rejection (except for boric acid) concentration factor 
is directly related to water recovery via eq. (21). 

Feed pressures (peak and average) and concentration factor as a 
function of recoveries of 87–95 % and at fluxes of 6–12 LMH are illus
trated in Fig. 7a, b and c for dilutions of 10×, 15× and 20× respectively. 
To meet the requirement for recycling as defined by the plating industry, 
the target is 80–120 % of the initial concentration of the electrolyte bath 
[39]. Therefore, concentration factors of 8–12, 12–18, and 16–24 are 
needed for dilutions of 10, 15, and 20× respectively. These limits are 
shown by dashed horizontal blue lines in Fig. 7. The concentration 
factors presented are for the fully rejected components i.e., all 

components except boric acid, where lower concentration was achieved 
due to only partial rejection being achieved. Based on mass balance, 
boric acid concentration reached only 30–78 g/L – below the 80–110 g/ 
L required for the electrolyte bath [39]. Boric acid would therefore need 
to be replenished or recovered further in a second RO pass. For the other 
components, sufficient concentration factors were achieved by working 
at high recovery, at fluxes up to 12 LMH. 

Note that, with this method of controlling switch point, there was no 
systematic way to ensure that the maximum system pressure of 120 bar 
was not exceeded. The maximum water recoveries and concentration 
factors had to be determined by trial and error. 

As expected, peak and average pressure increased with water re
covery and flux. At the highest recoveries and concentration factors, the 
average feed pressure was about half the peak pressure, and below the 
osmotic pressure of the concentrate. In contrast, a conventional single- 
stage RO system would require a constant feed pressure above the 
concentrate osmotic pressure to maintain a positive net driving pressure 
and transmembrane flux. These results suggest that the batch RO system 
has a significant energy advantage compared to conventional single- 
stage RO. Nonetheless, further experimental studies will be needed to 
make a complete and fair comparison, considering factors such as flux 
distribution, membrane friction, and salt retention in each system [48]. 
In addition, pump efficiency has an important effect on overall perfor
mance and may vary between batch and continuous systems. 

The osmotic pressure of the final concentrate is an indication of the 
total concentration of final concentrate product, and it is higher than 47 
bar for the samples that met the concentration requirement (Fig. 7). This 
osmotic pressure is at least 10 bar below that of the electrolyte bath (63 
bar) mainly because of the loss of boric acid to the permeate. 

Fig. 8 shows SEC < 2.15 kWh/m3 when treating rinse water at a rate 

Table 3 
Rejections of chromium (III), sulfate, TOC and boric acid as a function of water recovery and flux, for dilution of 15×. Feed concentrations of chromium (III), sulfate, 
TOC and boric acid were 672.5, 6133, 575.1, and 6495 mg/L respectively.  

Water recovery (%) Flux (LMH) Permeate concentration (mg/L) Rejection (%) 

Cr(III) Sulfate TOC Boric acid Cr(III) Sulfate TOC Boric acid  

88.4  6.5  0.68  7.12  0.053  1708.7  99.90  99.88  99.98  73.69  
90.4  6.6  0.96  11.63  0.002  1805.2  99.86  99.81  100.00  72.20  
94.1  6.6  1.13  13.28  0.000  2008.2  99.83  99.78  100.00  69.08  
87.9  8.3  0.61  5.88  0.000  1480.9  99.91  99.90  100.00  77.20  
90.3  8.3  0.82  8.82  0.000  1609.0  99.88  99.86  100.00  75.23  
87.6  10  0.75  8.74  0.000  1285.4  99.89  99.86  100.00  80.21  
90  10  0.69  6.98  0.000  1482.7  99.90  99.89  100.00  77.17  

Fig. 6. Feed (dilution of 15×), permeate and concentrate samples (water re
covery of 94.1 %, flux 6.6 LMH). 
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(b)

(c)

(caption on next page) 
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of 0.21–0.42 m3/h. Thus, it will be possible to treat 1.7–3.4 m3 of rinse 
water in an 8-h working shift, meeting the requirement of the industrial 
process at BIA. SEC increased with water recovery and flux. 

6.3. Analysis of results against the switch pressure theory 

To assess the accuracy of the theory described in Section 4, the 
theory was used to analyse the above data. In total, 24 experiments were 
analysed covering fluxes of 6–12 LMH, water recoveries of 87–95 % and 
dilutions of 10, 15 and 20×. 

The Pm value was calculated using eq. (13) (based on the recorded 
pressures in cycle 1) and is shown as a function of flux in Fig. 9a. In the 
semi-batch phase, dP/dVf values were calculated for all three cycles. 
There was <10 % deviation in dP/dVf at cycle 3 compared to cycles 1 
and 2. The value at cycle 3 was plotted as a function of feed concen
tration as presented in Fig. 9b which shows the linear dependency of the 
dP/dVf value to the feed concentration as predicted by eq. (11). 

The peak pressure of the third cycle is predicted using eq. (19), based 
on the measured switch pressure and the value of η calculated from the 
previous cycle using eq. (15). This predicted peak pressure is compared 
against the measured value at cycle 3 to give a model error of <3 % (see 
Fig. 10). Fig. 10 also confirms that η has values consistently just below 
one (from 0.75 to 0.82) as assumed in the theory of Section 4. 

6.4. Performance at set peak pressure 

This section evaluates the method of setting switch pressure for a 
target peak pressure, as described in Section 4.2. In addition, the method 
is used to compare batch RO performance at 80 bar vs. 120 bar. 

Experiments were carried out at dilutions of 15 and 20×, fluxes of 
8–16 LMH, and two target peak pressures: (1) 108 bar to provide a 10 % 
safety margin below the maximum allowable pressure of 120 bar; (2) 72 
bar to represent 80 bar maximum pressure as allowed by standard 
seawater RO membranes. Table 4 shows the results, including maximum 
obtained pressure at each cycle. In all cases, the peak pressure converged 
quickly from cycle 2 on, with ≤2.2 % deviation from the set peak 
pressure. 

Fig. 11 presents three examples of pressure vs. feed volume, showing 
the value of η for each cycle. Cycle 1 had lower peak pressure due to the 
conservative setting of η1=1 and the absence of salt retention, but the 
uniformity of η from cycle 2 onward means that switch pressure, water 
recovery, and concentration factor all converged rapidly. The linear 
increase of pressure in the semi-batch phase agrees with eq. (11). 

The concentration factor at feed concentration of 15× is plotted 
versus flux, at both 80 and 120 bar maximum pressure, in Fig. 12. The 
optimum concentration factor of 15, needed to restore the electrolyte 
bath concentration, is shown by the solid blue line. The desired range of 
concentration factor of 12–18, corresponding to 80–120 % of the elec
trolyte bath concentration, is shown by dashed blue lines. The results 
show that batch RO was able to concentrate the Cr(III) rinse water 
sufficiently at fluxes up to 14 LMH at 120 bar operation, but unable to do 
so at 80 bar operation even at lower flux. 

Compared to the method of 4.1, where switch point is set for a target 
concentration factor, this method automatically concentrates the 
wastewater to the maximum extent possible for a given flux and pressure 
limit, without the need for trial and error. It also avoids the need for 
accurate characterisation of the wastewater, as the concentration is 
effectively detected from the slope of pressure vs. feed volume during 
the semi-batch phase. This method is therefore recommended whenever 

there is a risk of approaching the maximum operating pressure of the 
system. In fact, the two methods of switch point control are comple
mentary and can be used together. Thus, we recommend that the first 
method can be used to determine a supply volume in the semi-batch 
phase for a target concentration factor, while the second method is 

Fig. 7. Osmotic pressure of concentrate, peak feed pressure (Pmax), and average feed pressure, at different water recoveries from 87 to 95 % and fluxes from 6 to 12 
LMH for dilution of (a) 10×, (b) 15×, and (c) 20×. Osmotic pressure of feed was measured to be 7.55, 5.23 and 4.13 bar for dilutions of 10×, 15×, and 20×
respectively. Also shows concentration factor, with dashed horizontal blue lines showing the lower and upper limits for recycling to the electrolyte bath, and the solid 
blue line showing the optimum value for recycling to the electrolyte bath. 

(a)

(b)

(c)

Fig. 8. Specific energy consumption (SEC) and flowrate of treated water at 
recoveries of 87–95 % and fluxes of 6–12 LMH for dilution of (a) 10×, (b) 15×, 
and (c) 20×. 
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(a)

(b)

Fig. 9. Verification of theory of switch point determination, using results from Section 6.2: (a) Hydrodynamic pore friction pressure Pm as a function of flux J. (b) 
Slope dP/dV during cycle 3 of the semi-batch phase versus the relative feed concentration. 

Fig. 10. Empirical pressure correction factor η and error of modelling peak pressure at cycle 3, at different peak pressures (cycle 3).  

Table 4 
The summary of the results obtained from the RO experiments operated using the methodology of switch pressure determination for a target peak pressure.  

Dilution Pressure limit 
(bar) 

Target pressure 
(bar) 

Flux 
(LMH) 

Observed peak pressure (bar) at 
cycle: 

Max deviation of peak pressure from 
target Cycles 2–4 (%) 

Switch pressure 
Cycle 3 (bar) 

SEC Cycle 3 
(kWh/m3) 

1 2 3 4 

15× 120  108  8  88.4  108.5  109.0 105.8  2.20  47.9  1.97 
15× 120  108  10  90.0  107.7  107.2 107.5  0.50  48.8  2.00 
15× 120  108  12  92.6  106.3  106.3 108.9  1.70  50.6  2.05 
15× 120  108  14  89.5  108.9  107.7 107.6  0.87  51.0  2.22 
15× 120  108  16  90.9  108.0  107.7 107.7  0.32  53.1  2.21 
15× 80  72  8  58.3  72.0  71.5 71.7  0.50  34.6  1.54 
15× 80  72  10  58.8  70.4  71.7 72.0  1.55  36.1  1.63 
15× 80  72  12  63.1  71.3  71.6 71.7  0.65  36.8  1.71 
15× 80  72  14  61.1  70.6  70.6 70.4  1.53  37.8  1.89 
20× 120  108  12  88.6  109.2  107.7 –  1.24  49.9  2.04 
20× 120  108  14  93.4  108.9  107.4 –  0.91  51.4  2.19  
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simultaneously used to set a safeguard on the switch pressure to ensure 
maximum system pressure is not exceeded. In this way, the switch will 
occur at whichever point is reached earlier (i.e., according to the target 

concentration factor or according to the pressure limit). If, however, the 
aim is simply to maximise concentration factor, then the first method is 
not needed. 

(a)

(b)

(c)

Fig. 11. Pressure variation vs. supplied feed volume for three experiments, using switch point setting based on peak pressure. (a) dilution of 15×, flux of 8 LMH, 
concentration factor of 15.48, set peak pressure of 108 bar (b) dilution 15×, flux 12 LMH, concentration factor 9.12, set peak pressure 72 bar, (c) dilution 20×, flux 
12 LMH, concentration factor 18.34, set peak pressure 108 bar. Dashed horizontal lines show the set peak pressures. 

Fig. 12. Concentration factor vs. flux at 80 and 120 bar operation, for feed concentration of 15×. Dashed horizontal blue lines show the lower and upper limits for 
recycling to the electrolyte bath; the solid blue line shows the optimum for recycling to the electrolyte bath. 
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6.5. Membrane fouling and durability 

Total organic carbon (TOC) was present in significant quantities in 
the Cr(III) rinse water (at 926, 575, and 445 mg/L for feed dilution of 
10,15, and 20× respectively) and could cause fouling of the RO mem
brane, as was previously observed in benchtop RO experiments with Cr 
(III) rinse water [19]. Membrane fouling can generally be detected by a 
decrease in flux, a decrease in permeability, and an increase in working 
pressure [49]. 

Membrane fouling and durability were investigated through two 
tests, each conducted before and after the entire series of Cr(III) exper
iments which lasted about 100 h in total. The first test was for perme
ability, using tap water in continuous flow mode at water flux of 17 
LMH. The permeability tests showed negligible change in permeability 
and average pressure which were constant at 1.15 LMH/bar and 14.9 
bar respectively. The second test was for salt rejection, using a feed 
solution of 4500 mg/L sodium chloride in hybrid semi-batch/batch 
mode, with water flux of 16.8 LMH and set water recovery of 0.94. 
The rejection showed a reduction of just 0.1 % from 96.7 % to 96.6 %. 
These results indicated negligible fouling and negligible deterioration in 
membrane performance. The absence of fouling tends to confirm pre
vious work describing mechanisms of fouling avoidance in batch RO. 
These mechanisms may include periodic flushing, feed flow reversal, 
osmotic backflow, and salinity cycling [4,50]. 

6.6. Comparison against earlier studies 

Table 5 compares the findings of this study against earlier studies on 
chromium plating rinse water treatment using RO technology. The 
comparison is limited to studies using the real composition of rinse 
water as occurring in modern metal plating plants, as opposed to 
simplified compositions that may omit important components. 

Only this study used a RO membrane rated at 120 bar, whereas 
earlier studies used standard membranes limited to 80 bar or less. This 
higher working pressure enabled the process to achieve the required 
concentration for reuse while working at flux up to 14 LMH. The high 
water recovery of 87–95 % resulted in a chromium concentration factor 
of 8–23 thus going above the range of earlier studies. In addition, this 

study produced the highest output compared to other studies, making 
the system suitable for direct industrial application. Most earlier studies 
used Cr(VI), which is less challenging than the Cr(III) rinse water, 
because of the absence of other chemicals such as boric acid. 

This study resulted in a SEC of 1.15–2.22 kWh per m3 of treated 
wastewater corresponding to <2.42 kWh per m3 of permeate water. 
None of the above studies reported SEC against which to compare. 
However, the SEC of traditional RO used in ZLD systems is reported to be 
2–6 kWh/m3. MVC, the most common thermal technique for ZLD, is 
highly energy intensive with SEC of 20–25 kWh/m3 [51,52]. 

The flux in this study was higher than in the other Cr(III) study, but 
lower than in the Cr(VI) studies. This is because of the need to overcome 
higher osmotic pressures of the Cr(III) solution caused by the presence of 
additional components. 

6.7. Future research 

Longer term testing is needed to assess fouling and durability in the 
industrial application and to define clean-in-place procedures that may 
be required. Post treatment for improved boron rejection may be 
investigated using a second RO pass. Another important area of future 
study is modelling of the boron permeability in RO membranes in the 
batch RO process. Advances in membranes could be useful to improve to 
boron rejection. They could also be useful to reduce further the SEC of 
the batch RO process [53]. 

It will also be useful to update the previous mathematical model 
[2,11] of batch RO to predict behaviour and to design systems for a 
range of metal plating processes involving complex solutions. The 
simplified modelling presented here is only for the purpose of setting the 
switch point, and does not predict performance parameters such as SEC 
and rejection. Future research should also investigate the use of batch 
RO to treat rinse water containing other metals used in electroplating, 
such as copper and nickel. Moreover, future modelling and experimental 
studies may also address the issue of comparison between batch RO and 
multi-stage continuous RO systems that can also be used to achieve high 
recovery. 

A further area of future research should be to explore the economic 
feasibility of batch RO in the metal plating wastewater application. In 

Table 5 
Performance comparison among relevant studies on chromium plating wastewater treatment using RO technology.  

Main component 
and 
concentration in 
feed (mg/L) 

Treatment 
method 

Specific Energy 
Consumption 
(kWh/m3) 

Chromium 
concentration 
factor 

Water 
output 
(m3/h) 

Flux 
(LMH) 

Max 
Pressure 
(bar) 

Reusability 
of 
concentrate 

Reference Comments 

Cr(VI) 
1800 

UF/RO Not reported 13.26 0.03 – 46 Yes [31] Rejection of 98.6 % for 
chromium. Flux not reported. 

Cr(VI) 
1.9 

RO Not reported 3.33 0.07 5–15 8 No [30] UF pretreatment. 
Metal, organic/inorganic 
compounds removed by RO 
with effectiveness 91.3–99.8 
%. 
RO permeate reuse 
investigated. 

Cr(VI) 
100–1000 

RO Not reported 4.5 0.125 30–60 60 No [29] Rejection <98 % for 
concentration of 1000 mg/L. 
RO concentrate used to enable 
recovery of heavy metals 
through the ferrite process 
and ion exchange. Severe 
scaling observed. 

Cr(VI) 
84–228 

NF/RO Not reported 20 0.1 40–55 30 No [28] UF pretreatment. Permeate 
met requirements for reuse in 
rinsing bath. 

Cr(III) 
770 

RO Not reported 10.9 1.2 ×
10− 4 

3.75–7.5 80 Yes [19] Severe fouling observed. 

Cr(III) 
520–1080 

Batch RO <2.25 8–23 0.2–0.46 6–14 120 Yes This 
study 

Rejection >99.8 % for 
chromium. 
No fouling  
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addition, a life cycle assessment (LCA) should be carried out to assess 
fully the environmental impacts and benefits of this technology. 

7. Conclusions 

In this study, a high-pressure batch RO system has been developed 
for an industrial ZLD application involving the treatment of Cr(III) rinse 
water. The main conclusions are:  

• The system was designed for safe and reliable operation at 120 bar. 
Hybrid semi-batch/batch operation avoided the need for an exces
sively large work exchanger, thus enabling a compact design.  

• An approach to setting the switch point from semi-batch to batch 
phase was introduced and experimentally validated. This enabled 
the peak pressure to be controlled to within 2.2 % of a target value. 

• The system provided >99.8 % rejection of Cr(III), sulfate, and or
ganics, such that the permeate was sufficiently free of these species 
for reuse in the rinse bath.  

• Nonetheless, rejection of boric acid was only about 75 %, such that a 
second RO pass may be needed to avoid boric acid contamination in 
the recycled rinse water.  

• The batch RO system concentrated the rinse water sufficiently for 
reuse of Cr(III), sulfate, and organics in the electrolyte bath, 
providing 99.8 % rejection of these species. At 120 bar, a concen
tration factor up to 23 was achieved, thus meeting the target for 
reuse. In comparison, 80 bar operation did not reliably achieve a 
sufficient concentration factor.  

• Working at fluxes of 6–14 LMH, the system treated 0.21–0.46 m3/h 
of rinse water, meeting the requirements of the industrial electro
plating process.  

• SEC was 1.15–2.22 kWh per m3 of treated wastewater, which is very 
competitive in the field of RO, and greatly superior to thermal 
methods, or to alkaline precipitation with UV pretreatment. In the 
industrial plant considered in this study, the new batch-RO process 
will reduce energy consumption by a factor of 50.  

• No deterioration in membrane permeability or rejection occurred 
after 100 h of testing, indicating absence of fouling. 

In summary, the high-pressure batch RO process provides an energy- 
efficient, compact and robust solution to the previously unsolved 
problem of treating and recycling Cr(III) waste at industrial scale. 
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