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Abstract  
The concentration of elements such as calcium, magnesium, barium and silica would 
gradually increase in the wastewater treatment using RO systems. Reusing this 
wastewater in a second RO would cause precipitation of such elements on the surface of 
membrane and would decrease its permeability. Zero liquid discharge (ZLD) is the most 
advanced management technique for saline wastewater of RO systems. The aim of this 
study was to determine a mathematical model to estimate barium and silica removal 
from RO wastewater in ZLD multistep process. This research was conducted on 
samples from the effluent of the RO system in Tang-e Alhad in Hajiabad, Zarin Dasht 
in Fars Province, Iran. The experiments consisted of chemical precipitation, fluidized 
bed crystallization (FBC) and fluidized bed crystallization with chemical precipitation. 
During different ZLD processes, a correlation was observed between critical elements 
removal. The correlations between Ca with Ba and also SiO2 with alkalinity were 
observed in all experiments. According to the results the mathematical models for 
removal of barium and silica were determined according to the initial and final 
concentrations of barium, calcium, and silica and alkalinity. The results showed a very 
suitable correlation (R2=0.99) between these concentrations and removal of silica and 
barium. 

Keywords: Reverse Osmosis Effluent, Barium, Silica, Fluidized Bed Crystallization, 
ZLD. 
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Fig. 1. Fluidized bed crystallization: a) Schematic shape, b) built Pilot 
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Table 1. A general comparison of the experiments results 

Silica residues 
(mg/L) 

Calcium 
residues 
(mg/L)

pH Tests 

29.21135.928.84Raw wastewater
28.8362.729.58Precipitation with adding NaOH
14.9477.388.88Precipitation with alum and NaOH
28.609.2910.48Fluidized bed crystallization with adding NaOH
22.4418.579.42Fluidized bed crystallization with adding NaOH and 

alum
13.5613.939.31Fluidized bed crystallization with adding sodium 

aluminate and alum
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Table 2. Calcium, barium and silica residues in fluidized bed crystallization and chemical precipitation with NaOH 

Tests 
NaOH 
dosage 
(mg/L)

pH Calcium 
residue 
(mg/L)

Barium 
residue 
(mg/L)

Silica 
residue 
(mg/L)

Residual of 
fraction Ca

Residual 
fraction 

of Ba

**[Ba]/[Ca] 
(M/M)*103

Chemical 
precipitatipon 
(CPN) with 

NaOH 

100 9.58 62.72 0.062 28.83 0.459 0.861 0.3
300 10.45 35.38 0.035 27.76 0.259 0.486 0.3
500 10.87 22.51 0.038 20.83 0.165 0.528 0.5
700 11.58 9.65 0.027 29.61 0.071 0.375 0.8
900 11.94 8.04 0.022 29.30 0.059 0.305 0.8

Fluidized bed 
crystallization 

(FBC) with 
740 g/L 
CaCO3

100 10.48 9.29 0.051 28.60 0.068 0.708 1.6
300 12.14 4.64 0.037 27.31 0.034 0.514 2.3
500 12.19 3.09 0.024 20.45 0.023 0.333 2.3
700 12.29 1.55 0.017 28.78 0.011 0.236 3.1
900 12.47 1.55 0.011 29.65 0.011 0.153 2.1
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Fig. 2. Correlation between calcium removal and barium 
removal 
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Fig. 3. Changes in barium to residual calcium ratio with 
NaOH dose which was added to wastewater in fluidized 

bed crystallization 
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Fig. 4. Barium changes versus NaOH added to 
wastewater of fluidized bed crystallization 
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Fig. 5. Silica changes versus pH in fluidized bed 
crystallization and chemical precipitation with NaOH 
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Table 3. Silica and magnesium removal in chemical precipitation with alum and fluidized bed  

crystallization along with alum and sodium aluminate 

Tests pH NaOH 
dose 

Consumed 
aluminium 

(mg/L)

Magnesium 
residue 
(mg/L)

Silica 
residue 
(mg/L)

Removed silica/consumed 
aluminium 

(M/M)

Chemical 
precipitation 

with alum 

8.97 100 50 528.09 19.36 2.12 
8.88 100 100 568.07 14.94 1.54 
8.82 100 200 609.77 9.54 1.06 
8.45 100 300 642.23 9.26 0.72 
7.78 100 500 629.08 15.80 0.29 

Fluidized bed 
crystallization 

with alum 

9.42 100 100 306.08 22.44 0.73 
9.21 100 200 316.90 11.76 0.94 
8.48 100 400 458.32 9.75 0.52 
8.12 100 600 598.18 13.46 0.28 
8.02 100 800 639.87 13.56 0.21 

Fluidized bed 
crystallization 
with sodium 

aluminate 

9.31 100 100 175.46 13.56 0.43 
9.70 100 200 39.41 13.02 0.22 

10.23 100 400 17.00 12.65 0.11 
10.35 100 600 10.05 11.97 0.08 
1.75 100 800 6.18 11.06 0.06 

Fig. 6. The residual fraction of silica and magnesium 
versus pH in the chemical precipitation with alum (C is 

the residual concentration and C0 is the initial 
concentration) 
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Fig. 7. The residual fraction of silica and magnesium 
versus pH in fluidized bed crystallization with alum 
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Fig. 8. The residual fraction of silica and magnesium 
versus pH in fluidized bed crystallization with sodium 

aluminate 
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Fig. 9. Silica removal efficiency in fluidized bed 
crystallization with alum and sodium aluminate 
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Fig. 10. Efficiency of silica removal relative to total 
alkalinity in fluidized bed crystallization with alum and 

sodium aluminate 
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Table 4. Total alkalinity in fluidized bed crytalization 

along with alum and sodium aluminate 

∗∗∗∗ Alk added = Alknew – Alkold + [Ca]removed 
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