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ABSTRACT 
 
The treatment of some industrial wastewaters is complex, since they usually contain complex non-
biodegradable organic compounds or toxic compounds which are not easily treatable. These compounds are 
not removed by biological treatment in wastewater treatment plants and they may affect the removal of 
ammonium, nitrate, organic nitrogen by these treatment systems. Therefore, this research proposes a new 
and innovative low-cost and easy-to-apply pre-treatment to treat low biodegradable and high nitrogen 
wastewaters, using explosive wastewaters as case study. The pre-treatment is composed by immediate 
one-step lime precipitation (IOSLM) and atmospheric CO2 carbonation (AC) processes. The novelty of the 
proposed pre-treatment is based firstly on the use of one reactant (hydrated lime) at high concentrations, 
added in one step, that produces immediately an abundant and insoluble precipitate able to sweep the 
organic matter and other contaminants from wastewater in a short time and ensure conditions (pH and Ca2+) 
for the AC process. Secondly, the AC process uses the sludge produced in IOSLM to keep pH high for 
longer, allowing ammonia removal while simultaneously the pH is reduced by spontaneous reactions with 
atmospheric CO2. IOSLM results showed 92.1 %, 98.2 % and 100 % of organic matter, oils and fats, and 
organic nitrogen removals, respectively, for the optimal hydrated lime dose (7.76 g L-1). In AC process 61 % 
of ammonium nitrogen was removed and pH reduced to 8.1 in 10 days. 
 

1. Introduction 
 

Industrial wastewaters usually contain complex non-biodegradable organic compounds or toxic 
compounds which are not easily treatable. Examples of these effluents can be found in textile industry due to 
the dyes and organic sizing agents used in the manufacturing process [1], in explosives industry as result of 
manufacture ammonium nitrate-fuel oil (ANFO), emulsion explosives, 2,4,6-trinitrotoluene (TNT), hexahydro- 
1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro-1,3,5,7-tetranitro- 1,3,5,7-tetrazocine (HMX) [2], in paper 
mills factories due to the amount of lignin, lignin derivatives and arsenic [3], and in tannery industry due to 
chemicals used in leather processing [4]. Furthermore, some of these industries discharge high amounts of 
wastewaters, especially when coming from large scale industrial parks, which may 
cause major environmental problems for the receiving water bodies. These compounds have high potential 
impact on human health and environment [2,5]. 
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The treatment of these wastewaters is complex. Non-biodegradable compounds are not removed by the 
biological treatment of the waste- waters treatment plants (e.g., activated sludge) and they may affect the 
removal of ammonium, nitrate, organic nitrogen and organic matter in these treatment systems [6]. 
Therefore, a pre-treatment is required for these industrial wastewaters since, if not applied, the effectiveness 
of the biological treatment will be compromised. The pre-treatment of low biodegradable effluents has been 
a real challenge, especially when the effluent has specific features (as high concentrations of nitrogen) that 
could be removed biologically. In literature, some studies developed physical-chemical pre-treatment 
solutions to increase the biodegradability of the effluents, namely oxidation [7,8], electro- chemical 
processes [9] and peroxi-coagulation [10], while other studies seek to remove non-biodegradable organic 
matter or toxic compounds of the effluents through membranes processes [11] or chemical pre- cipitation 
and adsorption [12]. In chemical precipitation, the treatment of different industrial wastewaters with lime and 
hydrated lime has shown several benefits for the environment. Organic compounds pre- sent as suspended 
particles can be substantially removed by sweep coagulation phenomena caused by the formation and 
simultaneous precipitation of calcium carbonate. Moreover, dissolved compounds can also be removed, 
leading to significant reduction of several pollu- tion parameters [13,14]. Georgiou et al. [13] used hydrated 
lime as a pre-treatment step for pH-raising and reduction of residual particulates of an anaerobic digestate 
generated in the treatment of animal manure. Hydrated lime was preferred because of its fast reaction and 
low cost, with effective clarification of the anaerobic digestate at high pH (>11.5) [13]. These authors used 
air-stripping for ammonia removal, with removals ca. 100 % at 50 °C and 90 % at 30 °C (G/L = 2000) [13]. In 
Chen et al. [15], lime with fly ashes was preferred for the removal of heavy metals from industrial wastewater 
due to its relatively low cost. The application of carbonation improved the removal of heavy metals. Results 
showed that removals of Zn(II), Pb(II), Cu(II) and Cr(III) were enhanced between pH 7-11 and removais 
efficiencies as high as 99.37-99.69 % were obtained by the fly ash-lime-carbonation treat- ment [15]. A high 
arsenic acidic wastewater from a sulfuric acid factory was effectively treated in a combined process of pre-
oxidation, lime and ferrous precipitation, ferric and manganese binary metal oxide (FMBO) adsorption and 
PACl coagulation [16]. A lime pre-treatment process, precipitation of lime by carbonation, for efficient 
bioethanol production from rice straw was developed without a solid-liquid-separation [17]. Carbonation was 
made using CO2 gas bubbled into the treated slurry. This pre-treatment reveals very efficient [17]. These 
treatments were very efficient in removing the target compounds but some included several treatment 
processes and most were applied to remove heavy metals. In addition, some of these treatments have 
proven dis- advantages, for example, air stripping presents high operating costs and often accumulates 
calcium carbonate on the walls of the stripping tower [17], and activated sludge is poorly tolerant to load and 
flow variations, and to toxic compounds [17]. Moreover, some treatments are expensive or produce sub-
products which can be more harmful to the environ- ment than the initial ones [18]. Therefore, it is necessary 
to find better alternatives for the treatment of these effluents. These alternatives should be technically 
feasible, low cost, less environmental impact and consider future reuses. 

Thus, this study proposes a novel low-cost and easy-to-apply pre- treatment, composed by immediate 
one-step lime precipitation (IOSLM) followed by atmospheric CO2 carbonation (AC) process, for low bio- 
degradable organic matter and ammonium removal, using ANFO and emulsion explosives wastewaters as 
case study. This integrated pre- treatment is intended to improve the quality of these type of waste- waters to 
promote the viability of biological treatment or allow reuse within the factory processes. In addition, this 
environmental solution could mitigate the greenhouse gas production, boost the capture of ammonia to be 
reused in industries and recover the lime from the sludge produced through lime calcination processes. The 
research of the proposed integrated pre-treatment is based on the following assump- tion: (i) Hydrated lime 
is a low cost reagent [19] that can be easily acquired, and has been used efficiently to adjust pH and to 
remove hardness and impurities from water and wastewater [19-22]; (ii) Hy- drated lime can be used as soil 
amendment for in situ remediation of explosives (RDX) and metals stabilization, as demonstrated by Martin 
et al. [23]; (iii) The effect of hydrated lime on the effluent biodegrad- ability and on the removal of non-
biodegradable organic compounds from ANFO and emulsion effluents have not been studied yet as far as 
the authors knowledge; (iv) Recent studies have shown that it is pos- sible to reduce the pH by natural 
neutralization with atmospheric CO2 
(AC) at low-cost process [24,25]. However, no studies have referred the AC ability to remove ammonia or 
mentioned the effect of precipitated sludge (from chemical precipitation) in lowering the pH during the 
carbonation process. 
 

2. Material and methods 
 

2.1. Explosive wastewater (EW) characterization 
 



EW was used as case study. EW was collected from an international industry that manufacture ANFO 
and emulsion explosives in Portugal. ANFO and emulsion explosives are used in mining industry quarrying 
and construction activities, and their demand has been increasing re- lative to other types of explosives due 
to their low manufacturing cost and risk of accidental ignition, and ease of handling [26,27]. ANFO 
explosives are composed of a mixture of ammonium nitrate (AN) with diesel fuel in the ratio of about 94 to 
6% [28]. Emulsion explosives are composed of a dispersed phase (aqueous solution of inorganic oxidizing 
AN salt) surrounded by a continuous phase (emulsifying oil [29]). This wastewater (EW) is a mixture of 
effluents from leaks and spills in process areas, equipment washing operations, floor and auto-tank washing, 
and on-site wastewater pre-treatment. The on-site wastewater pre-treatment consists in breaking down 
residual emulsion by adding a liquid detergent, which results in the oil separation from the liquid phase. 
Table 1 summarizes the characteristics of the EW. 
2.2. Experimental set-up 

A scheme of the experimental unit used in this work is shown in Fig. 1. 
2.2.1. Immediate one-step lime precipitation (IOSLM) tests 

IOSLM experiments were conducted using 1000 mL of explosive wastewater where different doses (from 
2 to 19 g L-1) of hydrated lime (>95 %, Spectrum® chemical) were added to raw water, under vig- orous 
agitation (rotation speed of 3 Stirrer). Agitation was maintained until different precipitation pH were reached, 
from 9 to 12.5. Once 
 
Table 1 
Characteristics of the EW. 

Parameters Unit 
Average ± 
standard deviation 

COD mg O2 L-1 5922 ± 1711 
BOD5 mg O2 L-1 50 ± 34 
BOD5 / COD - 0.009 ± 0.006 
TSS mg L-1 126 ± 3 

Ammonium 
nitrogen 

mg N-
NH4+ 

L-1 1553.9 ± 23.1 
pH Sorensen 7.63 ± 0.11 
Redox Potential mV 114.7 ± 74.3 
Conductivity mS cm

-1 12.21 ± 0.11 
Nitrates mg L-1 7233 ± 47 
Nitrites mg N L-1 10.96 ± 0.13 
Chlorides mg L-1 290.0 ± 4.7 
Dissolved 
oxygen mg O2 L-1 6.505 ± 0.054 
Calcium 
hardness 

mg L-1 
CaCO3 203.4 ± 20.3 

Calcium mg L-1 81.4 ± 8.1 

Total hardness 
mg L-1 
CaCO3 406.8 ± 20.3 

Magnesium 
hardness 

mg L-1 
CaCO3 203.4 ± 28.7 

Magnesium mg L-1 49.4 ± 9.9 
Phenolphthalein 
alkalinity 

mg L-1 
CaCO3 47 ± 0.0 

Total alkalinity 
mg L-1 
CaCO3 560 ± 46.7 

Bicarbonate 
mg L-1 
CaCO3 558 ± 46.7 

Carbonate 
mg L-1 
CaCO3 2.2 ± 0.0 

Kjeldahl-N 
mg N-Kj. 
L-1 1897.4 ± 0.0 

Organic-N mg N L-1 343.5 ± 23.1 
Oils and fats mg L-1 285.3 
Total mg L-1 46.0 



hydrocarbons 
Cadmium mg Cd L-1 < 0.025 

Manganese mg Mn L-1 0.504 ± 2.51E-04 
 
 

 

Fig. 1. Schematic diagram of the IOSLM (1) and AC (2) processes. 
 
achieved, the agitation was kept for 1 min and then stopped. After the stirring period, the effluent was 
immediately transferred to normalized glass graduated cylinder (1 L, 37 cm height and 28 cm2 of superficial 
area) and the sludge sedimentation operation started, so no agitation took place and solution rested during 
46 min. Then, the type of sedi- mentation, the sedimented sludge volume and physicochemical char- 
acteristics of the pre-treated water (supernatant) were analysed. 
 
2.2.2. Atmospheric CO2 carbonation (AC) tests 
 

The AC tests consisted in keeping 5 L of EW treated by IOSLM in a 189 cm2 of superficial area recipient 
at room temperature, without chemicals addition and agitation. Two set of experiments were made. 

Firstly, AC process was tested for all the hydrated lime doses studied in ISOLM for sixteen days. In the 
first 14 days, the supernatant and the sludge were kept in the same recipient in contact with atmospheric air, 
at room temperature. After this time, the supernatant was separated from the sludge and it was exposed to 
air, for more two days. The in- fluence of the sludge in the treated water characteristics was evaluated by pH 
and the Langelier Saturation Index. 

In the second set of experiments, the AC process was made for the best hydrated lime dose found in 
ISOLM process (section 2.2.1) and the best condition found in the first AC set experiments. Process 
efficiency was monitored (section 2.3) over time. These experiments were main- tained until a maximum 
removal of ammonia was observed and when the supernatant pH was close to 8. 

 
2.3. Analytical methods 

pH and redox potential measurements were performed in a WTW InoLab apparatus, using the electrodes 
SenTix 41 and WTW SenTix ORP, respectively. Electrical conductivity was evaluated in a Jenway 4510 m, 
using an electrode VWR CO 11. Chemical oxygen demand (COD) was determined by standard dichromate 
closed reflux method [30], using a digester WPA HC 6016 and quantified by Pharmacia Biotech Ultrospec 
2000 UV/Visible spectrophotometer model 80-210600. Total suspended solids (TSS) were quantified by 
gravimetric method using filters Whatman™ 1001-110 [30]. Biological oxygen de- mand (BOD) was 
determined by Mohr method using system WTW's Oxitop® [30]. Chlorides were determined by Mohr method 
[30]. Oil and fats were measured gravimetrically after Soxhlet extraction [31]. Nitrate was determined by 
sodium salicylate method [32]. Ammonium nitrogen was measured by distillation method in BUCHI 
Distillation Unit B-316 and then by titration [30]. Kjeldahl nitrogen was de- termined by Kjeldahl method [30]. 
Nitrites and dissolved oxygen were determined by colorimetric and modifications of the Winkler methods, 
respectively [30]. Calcium and magnesium determinations were made by volumetric complexation with 
EDTA using eriochrome black T (calcium + magnesium) and calcon (calcium) indicators [30]. Phe- 
nolphthalein and total alkalinity were measured by neutralization ti- tration [30]. Heavy metals were 
determined by flame atomic absorption spectrometry using Varian SpectraAA 220FS spectrometer 
[30]. Total hydrocarbons were measured by company “QUIMITESTE - Engenharia e Tecnologia, Lda”, using 
infrared spectrophotometry. The carbonates and bicarbonates were determined by APHA et al. [30]. 
Langelier Saturation Index was determined by saturation index [30]. Clarifying velocity was determined by 
Talmadge & Fitch method [33].  
 
 



2.4. Statistical analysis 
 

Experiments were made in triplicate for IOSLM and AC experiments as well as for parameter 
measurements, and their averages were cal- culated. The graphs were drawn by GraphPad Prism version 
5.0 for Windows, GraphPad Software, La Jolla California USA. All data were submitted to one-way ANOVA 
using Tukey's test at 95 % confidence level for distinction between averages, through the IBM SPSS 
Statistics for Windows, Version 20.0, Armonk, NY, IBM Corp. The correlation analysis was performed for 
IOSLM and AC experiments according to Pearson using RStudio™ software, version 1.2.1335, Inc., Boston, 
MA. All correlations were considered statistically significant at P values < 0.05 or < 0.001. 

 
3. Results and discussion 

 
3.1. EW characterization 

 
Visually, EW is a homogeneous, turbid and whitish mixture. EW smells fuel, due to one of the raw 

materials used in the formation of ANFO and emulsion explosives. 
As shown in Table 1, the EW pH is neutral (7.63 ± 0.11). The redox potential is positive (+114 ± 74 mV), 

which indicates that the ef- fluent presents an oxidative environment. The conductivity is 12.21 ± 0.11 mS 
cm-1, so the effluent has high mineralization. EW presents a high content of organic matter (5922 ± 1711 mg 
COD L-1), which may be due to the presence of residual detergent used in the wastewater pre-treatment 
and/or additives used in the formation of explosives. The values of BOD5 are low, about 50 ± 34 mg L-1. This 
effluent is difficult to biodegrade because it has a very low biode- gradability index (BOD5/COD ratio = 
0.009). The high concentrations of nitrate (7233 ± 47 mg L-1) and ammonium (1554 ± 23 mg N- NH4

+ L-1) are 
characteristic of this type of effluent because they are part of the main raw materials used in the manufacture 
of explosives. Ghafari et al. [34] reported effluents from the explosives industry, with nitrate concentration 
above 1000 mg L-1 N-NO3-. Nitrogenous organic matter is also high (344 ± 23 mg N L-1) but nitrites 
concentration is insignificant (11.0 ± 0.1 mg N L-1). The values of total suspended solids, oils and fats, and 
total hydrocarbons are 126 ± 3, 285.3 and 46.0 mg L-1, respectively. According to the hardness classification 
presented by Sawyer et al. [31], EW is very hard with a total hardness of 406.8 ± 20 mg L-1 CaCO3. 

 
3.2. Immediate one-step lime precipitation (IOSLM) process 

 
The results of IOSLM bench tests are different from the typical lime precipitation (tested by Zayen et al. 

[21] and Renou et al. [22]), be- cause a high concentred lime solution is added in excess, at once, to the 
water under vigorous agitation (rotation speed of 3 Stirrer). This pro- duces an instantaneous and intense 
precipitate followed by the "sweeping" phenomenon of particles, in a short time. In this process, the 
flocculation step did not take place because agitation would reduce the "sweeping" effect. In addition, 
hydrated lime is used in high con- centrations because it is important for the next process (AC), since the 
presence of calcium ions in excess will promote reactions with atmo- spheric CO2 and the pH decrease. This 
is a new technology that has presented recently [35]. 

Fig. 2A describes in detail the effect of hydrated lime dose on pH, phenolphthalein alkalinity and total 
alkalinity of the EW. Results 



 

 
Fig. 2. Effect of the hydrated lime dose on the: A) pH, phenolphthalein alkalinity and total alkalinity; B) 
electrical conductivity, magnesium and calcium con- centration; C) COD, BOD5 and ammonium removals 
and biodegradability index, and D) sludge volume produced and his clarifying speed. 
 
Table 2 
Correlation matrix between parameters determined in immediate one-step lime precipitation tests. 

 

Notes: 1) Where it is written: “cond.”, “Phen. Alk”, “Total Alk”, “Sludge V.” and “Clarif. Vel.” means 
conductivity, Phenolphthalein Alkalinity, Total Alkalinity, Sludge volume and clar- ifying velocity, respectively; 
2) The distribution of each variable is shown on the diagonal. On the bottom of the diagonal: the bivariate 
scatter plots with a fitted line are displayed. On the top of the diagonal: the value of the correlation plus the 
significance level as stars. Each significance level is associated to a symbol : p-values(0, 0.001, 0.01, 0.05, 
0.1, 1) < = > symbols(“***”, “**”, “*”, “.”, " “). 

 
presented in Table 2 indicate that hydrated lime dose has a significant positive correlation with pH (r = 0.88, 
P < 0.001), phenolphthalein alkalinity (r=0.94, P < 0.001) and total alkalinity (r=0.94, 
P < 0.001). Hydrated lime dose added (2-18.98g L-1) increases the 
pH from 9 to 12.45 due to the addition of OH- to the solution. 
Experimental tests have shown that it is not possible to increase the pH beyond 12.45 even if higher dose of 
lime is added. Zayen et al. [21] also observed this behaviour in neutralization of a landfill leachate with lime. 
Between 2 and 10.5 g L-1 of hydrated lime added, the pH increase is proportional to the lime dose applied 
(Fig. 2A). However, from 10.5 to 18.98 g L-1 of lime doses added, this behaviour is not observed. Thus, a 
minimal dose of the hydrated lime applied may cause a sig- nificant increase in pH (P < 0.05). Theoretically, 
at 10 g L-1 of hy- drated lime (corresponding to a pH between 10.5-11) all the ammo- nium ions are 



converted to ammonia by consumption of OH- ions [36,37] according to Eq.(1), which justifies the pH 
suddenly increase at this dose (Fig. 2A). 
 
NH3 (g) + H2O C1) « NH4+ (aq) + OH--) pKa = 9.25 (25 °C) (1) 
 

Renou et al. [22] studied the pre-treatment of three different raw landfill leachates, using chemical 
precipitation with lime followed by flocculation. They dosed about 1.8, 3 and 4 g L-1 of Ca(OH)2 to achieve a 
pH 10, while in this work, about 8 g L-1 of hydrated lime was added to get the same pH. This difference in the 
lime dose consumed may be due to some differences in the physicochemical characteristics of the 
wastewater used, namely the initial pH (8.35, 8.55 and 8.60, respec- tively for the doses applied 1.8, 3 and 4 
g L-1), alkalinity (175, 285 and 495 mg L-1 CaCO3) or the initial concentration of the ammonium ion (370, 468 
and 730 mg L-1) [22]. The highest the ammonium ion con- centration in the effluent, the highest hydrated 
lime will be needed. The phenolphthalein and total alkalinities mean values increase from 654 to 4203 mg L-1 
CaCO3 and from 934 to 4950 mg L-1 CaCO3, respectively, for the hydrated lime doses tested (Fig. 2A). This 
increase is related to the increase in hydroxide and carbonate content. Since the concentra- tion of 
ammonium ion in EW is high, it may be possible that the am- monia contributes to alkalinity [31] at all lime 
doses applied, but mainly for doses whose pH is greater than 9.25. Rounds [38] mentioned that high 
quantities of titrant acid were need to reach the first equivalence point (pH = 8.3) which would otherwise be 
represented by carbonate and hydroxide, since ammonia (NH3) will react with hy- drogen ions from the 
titrant to produce ammonium ion (NH4

+). 
Fig. 2B presents the variation of conductivity, magnesium and cal- cium concentrations with hydrated 

lime dose added. According to Table 2, the hydrated lime dose shows significant positive correlations with 
magnesium (r = 0.64, P < 0.001) and calcium (r=0.84, P < 0.001) concentrations, while no significant 
correlation is observed with conductivity. Conductivity concentration decreases and reaches the minimum of 
8.3 mS cm-1 (corresponding to the maximum con- ductivity removal of 32 %) between 7.76 and 9.26 g L-1 of 
hydrated lime (at pH 10 and 10.5, respectively). After 9.26 g L-1 of hydrated lime added, conductivity starts to 
rise (Fig. 2B). Usually, the conductivity reduction is due to the chemical precipitation of organic and inorganic 
(e.g. calcium and magnesium) salts in the form of hydroxides or carbonates, as explained below [22]. 
Magnesium present in EW may pre- cipitate as magnesium carbonates or magnesium hydroxide according 
to Eq.(2) and Eq.(3) [25,39]. 

 
Ca(OH)2 + Mg(HCO3)2 - - MgCO3 + CaCO3 (s) + 2H2O (2) 
 
Ca(OH)2 + MgCO3 « Mg(OH)2 (s) + CaCO3 (s) (3) 
 

The conductivity demonstrates weak and insignificant correlation with calcium (r = -0.34, P > 0.05) and 
magnesium (r = 0.40, P > 0.05) for the range of hydrated lime dose studied; however, a significant positive 
correlation is observed between conductivity and calcium (r=0.95, P < 0.001) or magnesium (r=0.78, P < 
0.001) from 9.26 g L-1 of hydrated lime added. Anyway, the conductivity never exceeds the initial value 
whatever the lime dose added. In ad- dition, other metallic substances (such as zinc, nickel or manganese) 
may be present in wastewater, since they are part of the raw fuel oil material and tend to precipitate in the 
form of hydroxides and/or carbonates contributing in this way to the conductivity variation. Furthermore, this 
wastewater has high concentrations of sodium, ni- trates and chlorides, which may be also responsible for 
the high con- ductivity. The magnesium concentration increases after 10.5 g L-1 of hydrated lime added 
(reaching ca. 80 g L-1, Fig. 2B). This increase may be due to the prevalence of other metals that precipitate 
first in relation to magnesium or magnesium contamination from the reagent. 

For calcium, concentration increases from 642.8 to 2457.1 mg L-1 with hydrated lime doses (the initial 
calcium effluent concentration was 81.4 mg L-1). This increase contrasts with conventional softening be- 
haviour, because above pH 9.5 the calcium added and the existing in solution (EW) should precipitate in the 
form of calcium carbonate, according to Eq.(4) and Eq.(5) [25,39]. The reason for the observed behaviour is 
the fact that hydrated lime doses applied are, stoichio- metric, too high for the bicarbonate in the solution, 
making bicarbonate a limiting reagent, even for the lowest lime dose applied. Thus, since the hydrated lime 
is poorly soluble, lime will contribute to sludge but also will be dissociated in calcium cations (Ca2+) and 
hydroxide anions (OH-) (Eq. (6)), increasing the concentrations of these ions in solution at the studied doses. 
However, when the maximum solubility of Ca (OH)2 is reached, at ca. pH 12 and 11.89 g L-1 of lime dose 
added (Fig. 2B), calcium tends to remain constant even though more calcium hydroxide is added. 
 
Ca(OH)2 + H2CO3 - - CaCO3 (s) + 2H2O (4) 
 



Ca(OH)2 + Ca(HCO3)2 - - 2CaCO3 (s) + 2H2O (5) 
 
Ca(OH)2(s)« Ca(a+) + 2 OH(aq) (6) 

 
Fig. 2C shows the variation of COD, BOD5, ammoniacal nitrogen and biodegradability index as a 

function of the hydrated lime dose added. Hydrated lime dose shows significant negative correlations with 
COD (r=-0.84, P < 0.001) and NH4+ (r=-0.78, P < 0.001) con- centrations, while a significant positive 
correlation with biodegrad- ability index (r=0.85, P < 0.001) is observed. No correlation between hydrated 
lime dose and BOD5 is found because its removal was constant at 94 %, independently of the dose applied. 
COD removals vary be- tween 92 and 94 %, for the lime doses applied. Biodegradability index is 0.0069 ± 
0.0007 for all the doses applied so no significant changes were observed from the initial effluent value (Table 
1). IOSLM process removed proportionally both biodegradable and non-biodegradable organic matter for all 
the lime doses tested. The removal of organic matter is related with the addition of calcium hydroxide in 
excess and its subsequent drag during sedimentation [25,39]. In fact, when ap- preciable amount of hydrated 
lime is added, the calcium carbonate and calcium hydroxide produced act as coagulating agents. Thus, they 
im- prove the drag of the organic matter and the "sweeping effect" occurs [40,41]. Other contaminants like 
heavy metals, hydrocarbons, oils and fats and other organic substances, at this pH, become prone to drag 
from the solution, helped by the produced precipitate. So, a sedi- mentation in mantle occurs and 
consequently a liquid-solid interface is formed, which results in a clarified supernatant (without the floccula- 
tion step) and consolidated sludge. Martin et al. [23] evaluated the potential of hydrated lime for metal 
immobilization and explosives transformation in soil. These authors concluded that hydrated lime reduced 
the RDX and zinc metal in leachates and runoff water about 26-92 % and 66-83 %, respectively, and gave 
conditions for optimum explosives decomposition. In our study, hydrocarbons removals are ca. 96, 91 and 
90 % for the lime doses of 10.13, 11.89 and 18.98 g L-1, respectively. 

Ammoniacal nitrogen removals vary between 5 and 12 % until 9 g L-1 of hydrated lime added and 
increases to 21 % after the addition of 10.13 g L-1 of hydrated lime (Fig. 2C). This increase in ammonia re- 
moval is related with the increase availability of ammonia to be vola- tilized [20] as a result of the 
displacement of the chemical equilibrium (Eq. 1) (conversion of ammonium ion to ammonia) due to 
increased pH [36]. Thus, a significant negative correlation with NH4

+ concentration and pH (r=-0.85, P < 
0.001) is observed in Table 2. Berge et al. [42] and Wang et al. [37] reported that pH is normally adjusted 
above 10.5-11.5 to convert all the ammoniacal nitrogen into ammonia. From the applied dose 10.13 g L-1 (pH 
= 11.06), ammonia removal re- mained constant at around 21 %. Renou et al. [22,41] obtained higher 
percentages of ammonia removals (25-56%) by applying lime pre- cipitation to a leachate. These higher 
removals are related with the operational conditions used in the processes. Renou et al. [22,41] ap- plied 
rapid mixing at 300 rpm for 5 min followed by slow mixing at 30 rpm for 30 min and sedimentation during 30 
min, while in this work a rapid mixing for 1 min and a sedimentation for 46 min was applied. In fact, higher 
time of operation contributes to higher ammonia removal. However, for the same time of operation, agitation 
step promotes the release of ammonia to atmosphere when compared to sedimentation step. Water and 
ammonia are polar molecules, so the ammonia has some capacity to remain in solution unless there is 
turbulence (i.e., greater contact between water and air, as occurs in the agitation op- eration). Therefore, 
IOSLM should be coupled to an ammonia capture system, not only to recover and reuse ammonia (e.g. in 
the explosives industry since ammonia is one of the ingredients used), but also to avoid air pollution. As 
expected, no removal of nitrates is observed in the tested conditions, because nitrates are soluble ionic 
compounds in water [43]. 

Fig. 2D shows the variation of sludge volume produced and the clarifying velocity as a function of the 
hydrated lime dose. Sludge volume shows significant positive correlation with hydrated lime dose (r = 0.65, P 
< 0001, but the sludge volume only increases linearly r=0.99 up to the dose of 9.26 g L-1 of hydrated lime, 
reaching a maximum value of ca. 60 mL L-1. After 9.26 g L-1 of lime added, the sludge volume tends to 
remain constant even doubling the lime dose added, because of the sludge compaction caused by its own 
weight. Clarifying velocity shows significant negative correlation with hydrated lime dose (r=-0.76, P < 0.001) 
and sludge volume (r=-0.87, P < 0.001). The latter high correlation was expected since the high quantities of 
sludge produced imply the increase of collisions between particles, causing retardation of sedimentation 
and, therefore, a slower clarifying velocity. 

The optimal hydrated lime dose is 7.76 g L-1 for this EW and tested conditions. This dose was selected 
based on the supernatant quality (COD and conductivity removals), volume of the sludge produced as- 
sociated with the needs of the hydrated lime and characteristics that may contribute to the success of the 
next treatment (ammonia re- moval), such as pH. This dose removes 98.2 % of oils and fats, 100 % of 
organic nitrogen, 92.1 % of COD and 10.2 % of ammonium ion. Since hydrated lime can globally cost around 
US$110-125/ton, approxi- mately US$0.97/m3 will be spent with hydrated lime to treat this EW for the 



optimal dose in the IOSLM process [44,45]. This cost can be reduced if the sludges are reused by 
calcination process and if this ef- fluent is properly treated and reused in industry processes operation. Some 
possibilities for lime sludge valorisation are application in building construction materials [46], or biofuel [47] 
and bioethanol production [48]. 

Table 2. 
 

3.3. Atmospheric CO2 carbonation (AC) process 
 

3.3.1. Influence of sludge on the atmospheric CO2 carbonation process 
 

The influence of the IOSLM sludge on the AC supernatant was evaluated through pH (Fig. 3A) and 
Langelier Saturation Index (Fig. 3B) and for all the hydrated lime doses applied. Fig. 3A demonstrates that 
pH decreases during the atmospheric CO2 carbonation with IOSLM sludge (between 0 and 14th days) for all 
the hydrated lime doses ap- plied. This decrease is less evident for the highest dose (18.96 g L-1) because 
supernatant was buffered in IOSLM. After removal of the sludge from the AC process (between 14th and 
16th days), a higher decrease in the supernatant pH is observed, for all the lime doses ap- plied, when 
compared with the previous situation. Thus, the contact between the sludge and the supernatant slows down 
the pH decrease of the supernatant. This observation can be an advantage for ammoniacal nitrogen 
removal, since the sludge avoids a sudden drop in pH and consequently ammoniacal nitrogen will be in the 
form of ammonia for 

 

Fig. 3. Evolution of supernatant characteristics, in terms of: A) pH and B) Langelier Saturation Index, for 
atmospheric CO2 carbonation process, with and without sludges for different hydrated lime doses applied. 
 
longer time. As a result, ammonia can be captured in a separate process and reused in the explosives 
industry, for example. According with equation (1), the AC process must be applied for pH between 9.2 and 
11, as proposed in ISOLM, where about 100 % of the ammoniacal ni- trogen is in the form of ammonia. 
However, after the removal of am- monia, sludge should be removed from the AC process because a rapid 
drop in pH is observed (Fig. 3A). The pH range obtained (6 < pH < 7.5, Fig. 3A) is considered optimal for 
some plants used in phytor- emediation, as well as for soil microorganisms responsible by ni- trification (pH 
6.6-8.0) and denitrification (pH 6.0-8.0) processes [49]. In literature, no studies were found on the use of AC 
with sludge in wastewater treatment, so a new solution for ammonia recovery is presented. These results 
demonstrate that there are chemicals equili- briums between sludge and supernatant, and between 
supernatant and atmospheric air during AC process. However, even if a physical se- paration of these two 
phases (sludge and supernatant) is done and the supernatant is exposed again to the AC process, new 
residuals sludge could be formed or residual calcium carbonate in the supernatant could be dissolved, due 
to the chemical equilibrium with the atmosphere, and so a new chemical equilibrium between the 
supernatant and the new sludge will be restored, as can be seen in Fig. 3B, particularly for lime doses of 



2.86, 5.75 and 11.89 g L-1, whose Langelier saturation index varied greatly on 16th day. 
 
3.3.2. Optimised solution 

 
The optimised integrated pre-treated solution was studied to guar- antee the pH reduction and the 

removal of ammoniacal nitrogen and ammonia recover of the low biodegradable wastewaters, which in- 
cludes the best conditions obtained in ISOLM and in AC processes. Thus, the optimal hydrated lime dose 
(7.76 g L-1) from IOSLM and the 11 days of AC with the supernatant in contact with the sludge were tested. 

According to Table 3, the AC time shows significant negative 
 
Table 3 
Correlation matrix between parameters determined in atmospheric CO2 carbonation process tests. 

 

Notes: 1) Where it is written: “Temp”, “cond.”, “Phen. Alk”, “Total Alk” and “Redox P.” means temperature, 
conductivity, Phenolphthalein Alkalinity, Total Alkalinity and Redox Potential, respectively; 2) The distribution 
of each variable is shown on the diagonal. On the bottom of the diagonal: the bivariate scatter plots with a 
fitted line are displayed. On the top of the diagonal: the value of the correlation plus the significance level as 
stars. Each significance level is associated to a symbol : p-values(0, 0.001, 0.01, 0.05, 0.1, 1) < = > 
symbols(“***”, 
 
correlation with pH (r=-0.99, P < 0.001) and significant positive correlation with redox potential (r = 0.97, P < 
0.001). Fig. 4A shows a pH decrease from 10 to 8.1, while the redox potential increases from -14.8 to 118.5 
mV, during experimental time. The observed decrease in pH over time is justified by the following reactions 
(Eqs. (7) to (10)). 
 
CO2 (g) - CO2 (aq) (7) 
 
CO2 (aq) + H2O (1) - H2CO3 (aq) (8) 
 
H2CO3 - H+ + HCO3- (9) 
 
HCO3

- - H+ + CO3
2- (10) 

 
The carbonic acid present in EW is totally consumed during the IOSLM to produce calcium carbonate 

(Eq.4), causing a chemical dis- equilibrium of CO2 between the supernatant and the atmosphere. As a way 
of counteracting this disequilibrium, the CO2 present in the at- mosphere has the tendency to dissolve in the 
water through the water- air interface until reaching equilibrium (Eq.7). During this phase, CO2 dissolves in 
the effluent by combining with water molecules to form carbonic acid (Eq.8), and then decomposes naturally 
into molecules of bicarbonate (Eq.9) and carbonate (Eq.10) producing hydrogen ions (H+) and leading the 
pH decrease in the supernatant. When the equi- librium is reached, the pH will remain constant in solution 
[50]. A decrease in pH during atmospheric CO2 carbonation was also observed by Prazeres et al. [25] using 
cheese whey wastewaters, but without sludge. The increase of redox potential is related with pH decrease 
due to increase in the concentration of hydrogen ions in solution [6], which is confirmed by Table 3, whose 



correlation is negative and significant (r=-0.96, P < 0.001). Redox potential influences the type of microbial 
metabolism developed and indicates the tendency of a given system to forward accepting electrons (if redox 
potential is positive) or donating electrons (if redox potential is negative), and predicting stability of 
various compounds [51,52]. Thus, at the end of 11 days it is possible to obtain a supernatant with a pH very 
close to the ideal (pH = 8) and a redox potential within the appropriate range (i.e between 100-350 mV) for 
the occurrence of denitrification process. 

Conductivity and AC time are variables significantly and positively correlated (r = 0.97, P < 0.001) and 
conductivity increases from 9 to 10.3 mS cm-1 (Fig. 4B), for 11 days. This increase may be related with 
evaporation phenomena and/or redissolution of ions (responsible by electrical conductivity) from sludge to 
the supernatant. According to Table 3, conductivity presents weak correlation with calcium (r = 0.42, P < 
0.05) and no correlation with magnesium is observed, as already obtained (section 3.2). The calcium and 
magnesium concentrations vary between 1405-1627 mg L-1 and 23-69 mg L-1, respectively, over time. The 
variation of calcium and magnesium in the supernatant is due to the complex interaction between sludge and 
supernatant, and be- tween supernatant and atmosphere (explained in section 3.3.1). Con- sequently, the 
dissolution rate (Eqs. (11) and (12)) is higher or lower than the precipitation velocity (Eqs. (2) and (5)) until 
an equilibrium is reached. It seems that this equilibrium is achieved from the 8th day, since the concentration 
of calcium and magnesium tends to remain constant (Fig. 4B). At the 11th day, the Langelier index value is -
0.02 ± 0.04, which means that the supernatant had no tendency to precipitate, so it stabilised. 
 
CaCO3 + CO2 + H2O Ca2+ + 2HCO3

- (11) 
 
MgCO3 + CO2 + H2O Mg2+ + 2HCO3

- (12) 
 
The influence of sludge on the supernatant during atmospheric carbonation has not been found in 

literature for simultaneous pH and ammonia decreasing. Normally in water treatment systems that uses 
softening, the addition of CO2 to the water takes place soon, after the sludge is separated from the 
supernatant in order to convert the 

 

Fig. 4. Evolution of supernatant characteristics (EW treated with 7.76 g L-1 of hydrated lime) in terms of: A) 
pH and redox potential; B) electrical con- ductivity, magnesium and calcium concentration; and C) 



temperature, phe- nolphthalein alkalinity and total alkalinity and ammonium concentration, during 11 days of 
atmospheric CO2 carbonation, in contact with the sludge. 
 
residual calcium carbonate into calcium bicarbonate [19]. 
Fig. 4C shows that the total and phenolphthalein alkalinities de- 
crease from 3923 to 125 mg CaCO3 L-1 and 3674 to 62 mg CaCO3 L-1, respectively, for 11 days, with the 
same significant negative correlation (r=-0.94, P < 0.001, Table 3). This decrease is mainly due to the 
hydroxides consumption during the reaction with atmospheric CO2 and in the conversion of the ammonium 
ion to ammonia to maintain the chemical equilibrium NH3/NH4+ (Eq.1) which has been changing due to the 
loss of ammonia in the system [36]. Ammonium concentration shows significant negative correlation with AC 
time (r=-0.95, P < 0.001, Table 3), and decreases from 1505 to 556 mg N-NH4+ L-1 over time, reaching a 
maximum removal of 61 % and stabilising at the 7th day of experiment (Fig. 4C). According to Berge et al. 
[42], tem- perature and pH are two parameters that may influence the form of ammoniacal nitrogen (NH3 or 
NH4

+) in solution, and consequently its volatilization capacity. Temperature remained constant over time, 
around 24.5 ± 2.0 °C (Fig. 4C), so temperature has weak and sig- nificant correlation with ammoniacal 
nitrogen (r=0.59, P < 0.001, Table 3). Thus, pH is responsible for the observed decrease in the am- moniacal 
nitrogen concentration. In fact, when pH is above 9.25 the 
 
Table 4 
Characteristics of the treated effluent for the optimised conditions. 

Parameters Unit 
 

COD mg O2 L-1 468 ± 24 
BOD5 mg O2 L-1 3±1 
BOD5 / COD - 0.006 
Ammonium 
nitrogen mg N-NH4

+ L-1 
577.9 ± 
18.9 

pH Sorensen 8.13 ± 0.02 

Redox Potential mV 
118.5 ± 
0.78 

Conductivity mS cm
-1 10.3 ± 0.1 

Nitrates mg L-1 7230 ± 50 
Nitrites mg N L-1 11.0 ± 0.1 3 
Calcium hardness mg L-1 CaCO3 4068 ± 40.7 
Calcium mg L-1 1627 
Total hardness mg L-1 CaCO3 4217 ± 23.5 
Magnesium 
hardness mg L-1 CaCO3 149.2 
Magnesium mg L-1 36.2 
Phenolphthalein 
alkalinity mg L-1 CaCO3 62.0 ± 27.0 
Total alkalinity mg L-1 CaCO3 125 ± 53.9 

Bicarbonate mg L-1 CaCO3 
123.0 ± 
53.3 

Carbonate mg L-1 CaCO3 1.40 ± 0.66 

Organic-N mg N L-1 
Not 
detected 

Oils and fats mg L-1 5.13 

Total hydrocarbons mg L-1 5.34 ± 0.12 
 
chemical balance (Eq. 1) is displaced in the direction of converting ammoniacal nitrogen into ammonia which 
favours the removal of ammoniacal nitrogen by volatilization of the ammonia. This equili- brium displacement 
decreases when the pH of the solution decreases to 9.25, reaching the same percentage of species NH4+ 
and NH3 in the solution [36]. Below pH 9.25, this equilibrium is displaced to the for- mation of ammonium 
ion, which being non-volatile remains in the solution [36]. On the 11th day, at pH = 8.1 and 21 °C, the 
percentage of ammonia is low (5.5 %) compared with the ammonium ion (94.5 %). So, the integrated 
treatment solution (IOSLM+ AC) for the chosen hydrated lime dose can remove 62.8 % of ammoniacal 
nitrogen. The collection and subsequently reuse of ammonia in the industry is an advantage, since it will 
contribute to eliminate nitrification in biolo- gical treatment (i.e. to produce nitrate) and consequently in deni- 



trification process organic matter may be added in less concentrations. 
 

4. Conclusions 
 

A novel integrated pre-treatment that combines immediate one-step lime precipitation (IOSLM) with 
atmospheric CO2 carbonation (AC) in the presence of the sludge is proposed in this work. The integrated 
treatment, IOSLM and AC, was evaluated for low biodegradable organic matter and ammonia removal using 
ANFO and emulsion explosives wastewaters as case study. 

For the optimal hydrated lime dose (7.76 g L-1), IOSLM removed 92.1 % of organic matter, 98.2 % of oils 
and fats, and 100 % of organic nitrogen, as well as reached the maximum conductivity reduction. However, 
as expected, it was not effective in ammonium nitrogen and nitrates removals, resulting in high 
concentrations of these compounds in the wastewater. These compounds are expected to be removed in 
next sequence treatment processes. AC process removed 61 % of am- moniacal nitrogen in 7 days and pH 
decreased to approximately 8. Table 4 present the treated wastewater quality. 

The proposed sequence is a low-cost and easy-to-apply wastewater treatment solution, since lime is a 
cheap product widely used in in- dustry and wastewater treatment, and AC does not need chemicals or 
specialized maintenance and is a low energy consumption process. The idea of this integrated solution is to 
pre-treat wastewaters that can be used in subsequent conventional biological treatments, in green solu- 
tions like phytoremediation processes or in the industry. Future studies should be developed in order to 
reduce the hydraulic retention time of system. 
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