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Abstract 

In this study, simulated reverse osmosis (RO) concentrate (limestone seeds) was fed to a continuous Fixed Bed Column Softener. 
The product was evaluated in terms of its suitability as feed to secondary RO process. The results indicate that this process has 
the potential to reduce calcium ion concentration from initial value of 361 to 39.03 mg/L and bicarbonate concentration from 
1199 to 651 mg/L. The Stiff–Davis saturation index was reduced from 1.62 to 0.103 and the Langelier Saturation Index of the 
concentrate from 1.6 (High scale forming) to 0.07 (low scale forming), thus treated water has properties of low fouling potential 
that facilitate its recycling in secondary RO plants. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of the 3rd International Conference on Energy and Environment 
Research. 
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1. Introduction 

Industrially potable water is obtained from brackish saline water using Reverse Osmosis (RO) process. This 
process usually desalinates brackish water having an average Total Dissolved Solids (TDS) of 5000 mg/L and 
produces a potable water of less than 50 mg/L TDS and concentrated reject stream of about 10,000 mg/L TDS, 
depending on the feed water quality and efficiency of the RO plant. Usually RO plants reject 15-20% of the feed 
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water as waste concentrated saline streams that are considered as major environmental and economic drawback of 
the RO process [1].  

RO desalination plants dispose huge amounts of saline waters in many ways that can pollute the neighboring 
water streams, sewer, and soil surfaces [2,3]. The losses of large part of the feed water in the waste stream is an 
important challenge and it needs to be separated to increase the overall recovery of the RO plant and to reduce the 
volume of the reject stream in order to facilitate its disposal in an environmentally acceptable way [4-7].  

As solution for this environmental concern, it is proposed that the produced waste concentrate from the primary 
RO unit can be treated to be a suitable feed to secondary RO unit (Fig. 1). By applying this method, more water 
recovery will be achieved and the volume of the waste concentrate will be reduced [8].  

 

Fig. 1. A suggested process for reuse of the waste concentrate produced from RO desalination plants. 

One of the main obstacles of applying this process is that the waste concentrate produced in the primary unit 
cannot be fed directly to the secondary unit due to the presence of scaling compounds such as silica and calcium 
related (mainly calcium carbonate and calcium sulfate) in large concentrations in the waste concentrate. These 
compounds cause fouling of the membranes [9, 10] and thus add many operational and economic drawbacks to the 
process.  

Silica fouling is controlled by adding chemicals due to its small concentrations. However, the large concentration 
of calcium ions in the concentrate is the main cause of fouling the membrane with calcium related scaling materials 
and reduction or removal of calcium ions is a key parameter to reuse the waste concentrate and thus avoid the 
fouling of calcium related scaling materials at the membranes of the secondary unit.  

The proposed intermediate process (Fig. 1) aims at conditioning or softening of the concentrate rejected from the 
primary unit to be at low or negligible scaling tendency towards calcium related compounds. This can be realized by 
removal of calcium ions (softening of the concentrate) and thus reducing the scaling potential of concentrate before 
feeding to the secondary unit.   

Several researchers tried to find a process that can be applied to treat the concentrated waters to the integration 
between RO process and water softening. Qu et al. [11] stated that the elimination of calcium in accelerated 
precipitation softening was combined with direct contact membrane distillation to inaugurate a high recovery 
desalting of primary reverse osmosis concentrate. Rahardianto et al. [12] proved a two-step chemically improved 
seeded precipitation process for accelerated desupersaturation of reverse osmosis (RO) concentrate. Van 
Houwelingen et al. [13] investigated the application of pellet softening as a significant process of handling the reuse 
of RO concentrates aiming to achieve zero liquid discharge. Tran et al. [14] investigated the application of pellet 
reactor to treat RO concentrates for high recovery and zero liquid discharge of RO system. 

This study is an attempt to evaluate the calcium ions removal from RO concentrates using the fixed bed column 
method. The process parameters and the treatment potential of this process towards calcium related scaling are 
evaluated experimentally. 
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2. Experimental Part 

2.1. Materials 

A stock artificial concentrate solution analogous to industrial effluents that produced in domestic brackish water 
desalination plants was prepared as the test solution to be used as feed to the seeded fixed bed column in all runs. 
The prepared solution was adjusted to be similar to effluents produced from brackish water desalination plants 
having an average recovery of 85% with an effluent concentrate of an approximate 10,000 mg/L TDS and 360 mg/L 
calcium ion concentration. A typical concentrate was prepared by dissolving high purity analytical grade chemicals 
in twice-deionized water. NaCl was used to substitute the presence of other positive and negative ions in order to 
achieve a similar level of ionic strength as in real concentrates. The seeds used in the fixed bed column were taken 
from natural limestone rocks. The size of the seeds was controlled by sieving the crushed limestone rocks using 
OCTAGON-Digital test sieve shaker. The materials used in this study and the composition of the prepared stock 
concentrate solution are listed in Tables 1 and 2, respectively. 

Table 1. Chemicals used in the preparation of the artificial brackish water reverse osmosis effluent concentrates. 

Chemical Quality 
CaCl2·2H2O SIGMA-ALDRICH, 99% 
NaHCO3 MERCK, 99.9 
NaCl ACROS, >99.5% 
Limestone (seeds in fixed bed crystallizer) Natural rock, CaCO3 > 93%, SiO2 < 3%, 

MgO < 1.2%, and Fe2O3 < 1.5% 

        Table 2. Chemical composition of the prepared concentrate stock solution used in the experiments. 

Ion Concentration (mg/L) Concentration (mmol/L) 
Calcium (Ca2+) 361 9 
Bicarbonate (HCO3-) 1,199 19.7 
Sodium (Na+) 3,407 148 
Chloride (Cl ) 5,200 146 
TDS                     10,168 mg/L 
Temperature        24 °C 
pH                        8.1 
Ionic strength       0.132 mol/L 

2.2. Methods 

The experimental apparatus used to investigate the performance of fluidized bed method for treating the RO 
concentrates by softening is presented Fig. 2. The prepared artificial concentrate was kept in a closed and mixed 
vessel and the pH of the concentrate was controlled by adding concentrated soda solution (16.1 M). The concentrate 
was driven to flow into the fluidized bed column of 5 L volume (5.64 cm diameter) containing limestone seeds of 
certain size using a centrifugal pump. The column was equipped with sieves at the top and bottom of aperture 
smaller than the size of the seeds to ensure that the solution will leave the column free of limestone particles. The 
flow through the column was regulated using a manual valve. 

The temperature of the feed solution was kept constant in all runs at 24 °C and the supersaturation concerning 
calcium carbonate in the concentrate was achieved by adjusting the pH. The residence time of the concentrate 
thorough the column was controlled using the manual valve and the flow meter at the feed line to the column. The 
contact time between the seeds and the supersaturated solution is a key operational parameter to be investigated in 
this study. It affects the rate of removal of calcium and carbonate ions from the concentrate thus the extent of 
softening of the concentrate. The discharge from the fixed bed column was collected in a closed tank and samples 
were taken for analyzing the calcium and carbonate ions.  The calcium ions concentration was measured using 
inductively coupled plasma method (ICP-OES, Thermo Scientific iCAP 6000 Series Duo). The pH was determined 
by means of the pH meter (WTWpH 340i). 
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The experiments were conducted to study the performance of the fixed bed column for the softening of RO 
concentrates to be suitable feed for secondary RO unit. The operating conditions such as the pH, flow rate (residence 
time) and seeds size will be experimentally investigated. 

 

Fig.2. Experimental fixed bed apparatus used to investigate the treatment/softening of waste RO concentrate. 

3. Results and discussion 

An efficient and continuous operation for softening of RO waste concentrate to be installed in line between 
primary and secondary RO units is of great interest for achieving a robust and sustainable water recovery and waste 
concentrate reduction in RO brackish water desalination units. Softening of concentrates is a reduction in the 
concentration of the main scaling components such as calcium and carbonate ions. This process is affected by many 
parameters such as pH, seeds size, and flow rate. 

3.1. Influence of pH 

The effect of pH was investigated by keeping the temperature of the concentrate at 24 °C and the flow rate of the 
concentrate at 2.3 L/min with column particles were taken from the 4/6 mesh having an average size of 4.013 mm. 
The stock concentrate solution was initially at pH value of 8.1. The different pH levels of the concentrate were 
adjusted by adding concentrated NaOH to the stock solution. Each experiment was conducted at constant pH value 
of the concentrate.  Reduction in calcium ion concentration is considered as an indication of the softening potential 
for the concentrate using the fixed bed column softener. Fig. 3 shows the steady state analysis of the reduction in 
calcium ion concentration before and after flowing through the fixed column at the pH values of 8.6, 9.2, 10.3 and 
10.7. The results show that the maximum concentrate softening was achieved at the pH value of 10.7. 
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Fig. 3. The measured steady state reduction of calcium ions in concentrates at different pH levels. 

3.2. Calcium and carbonate ions reduction (Softening) 

The separation of calcium ions from precipitation at the surface of the particles as calcium carbonate at the 
maximum pH value (10.7) resulted from the direct influence of pH on the level of supersaturation and the creation 
of carbonate from the bicarbonate. It is well known from water chemistry that the highly basic medium will lead to 
reduction of hydronium ions concentration and accordingly increases in the formation of carbonate ions, which 
reacts with calcium ions and then precipitated on the particles, as crystallization will take place due to the 
supersaturation of the concentrate with calcium carbonate. Fig. 4 shows the reduction in calcium and carbonate ions 
of the concentrate for both feed and treated concentrate. 

 

Fig. 4. The measured reduction in calcium and carbonate ions concentrations in feed and treated concentrate using the fixed bed softener. 

The results shown in Fig. 4 indicate that the calcium ion concentration in the concentrate changed dramatically 
from its initial value of 361 mg/L to 39.03 mg/L and the bicarbonate concentration has been reduced from 1199 
mg/L to 651 mg/L. This places the concentrate in the range of small and negligible scaling potential. The results 
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presented in Fig. 4 show that the process of fixed bed softener has principally the great potential to remove the 
scaling materials (mainly calcium carbonate) from the RO concentrates. 

3.3. The Stiff–Davis saturation index (SDSI) 

For RO concentrates with high concentration of positive and negative ions, it is more applicable to evaluate the 
Stiff–Davis saturation index (SDSI) as a measure for the scaling potential of the concentrate and to evaluate its 
appropriateness as feed to secondary RO units. Fig. 5 presents the calculated SDSI of both feed and treated 
concentrate. The value of SDSI was strongly reduced from 1.6 for the feed solution to 0.103 for the treated 
concentrate at pH level of 10.7. The value of SDSI for the treaded concentrate indicates that the process of fixed bed 
has the potential to produce RO concentrates with small potential of calcium carbonate scaling on the surface of the 
secondary RO units. In addition, the value of SDSI value of the treated concentrate indicates a very large induction 
time for the scaling of calcium carbonate.  

 

Figure 5. The calculated SDSI of both feed and treated concentrate at pH = 10.7. 

3.4. Langelier saturation index (LSI) 

The calculated Langelier Saturation Index (LSI) of the concentrate at steady state after and before treatment using 
the fixed bed column technology is depicted in Fig. 6.  As shown, the value of LSI was reduced from 1.6 (High scale 
forming) to 0.07 (low scale forming) by operating the fixed bed operation. 

 

Fig. 6. The change of the Langelier Saturation Index (RSI) of RO concentrate by treating using fixed bed column softener. 
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By examining the results in Fig. 6, it is worthwhile to mention that the treated concentrate has properties that 
make it an appropriate feed to secondary RO units with a negligible scaling potential. The results indicated that such 
a process could be well suited for continuous treatment at a rate of 2.3 L/min. However, the process parameters 
could be modified in order to increase the efficiency of softening with continuous mode of operation for scaling up 
of the process. 

3.5. Process Scale up 

The characteristics of the treated concentrate with low scaling tendency and high induction period using the fixed 
bed column softener supports its industrial applicability in continuous mode of operation. The results obtained 
indicated that a 5 L column could treat 2.3 L/min of the concentrate with a residence time of 2.17 minutes.  This 
indicates the possible in line application with RO plant. For instance, a typical RO plant processes 5000 L/min, the 
concentrate flow rate is about 1000 L/min assuming that the plant is operating at 80% recovery. The equipment 
needs to treat about 2147 L of concentrate. These simple calculations show that the fixed bed column can be used 
industrially with low cost and smooth continuous operation. 

4. Conclusions 

Treating the produced waste concentrate in RO plants which is considered an environmentally and economic 
disadvantage of RO brackish water desalination plants is experimentally studied. The results obtained indicated that 
the fixed bed column softener could be an attractive process for the removal of calcium initiating membrane-fouling 
problem. Recycling of the concentrate is possible using the fixed bed column in line in continuous way between the 
primary and secondary RO units. 
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