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Abstract
The reuse of geothermal wastewater for irrigation is an attractive alternative for supplying water demand in agriculture, due 
to the high volumes generated in geothermal plants. This application is limited by the presence of toxic semimetals such 
as arsenic and boron, which generally require high-cost commercial adsorbents for removal. This work studies the removal 
mechanism and process optimization of arsenic and boron, present in high concentrations in synthetic solutions and in 
geothermal wastewater, using metallurgical slags. The effect of pH, initial concentration of arsenic and boron and slag dose 
were investigated using a  33 factorial experimental design and response surface method to optimize the operating condi-
tions of the removal of pollutants. Scanning electron microscope analysis showed that the removal mechanism consisted in 
a dissolution–precipitation reaction rather than adsorption. The effluent produced from wastewater at the optimal operating 
conditions in a two-step process meets the criteria proposed for both metalloids by the US Environmental Protection Agency 
for water used for irrigation.

Keywords Agricultural irrigation · Chemical precipitation · Metals removal · Wastewater reuse

Introduction

Arsenic (As) and boron (B) are metalloids representing envi-
ronmental and health risks, even though boron is also an 
essential micronutrient for plants. However, excess levels of 
B in irrigation water have harmful effects for several crops 
(Liu et al. 2014). Arsenic can produce chronic diseases in 
humans and affects crops as well. For drinking water, the 
guidelines recommended by the World Health Organization 
establish concentration limits of 0.01 mg/L As and 2.4 mg/L 
B (WHO 2011).

For irrigation water, the effect of As and B is distinct. 
Although As affects the physiology of plants (Garg and 

Singla 2011; Smith et al. 2010), the primary concern is 
human health. Limits for As in irrigation are related to the 
risks of accumulation of this element in plants and its intro-
duction in the food chain, either through direct consumption 
of contaminated plants or through animal fodder. The US 
EPA guideline is fixed at 0.1 mg/L (US EPA 2012). This 
value is independent of the crop under consideration. Even 
though US EPA mentions that As toxicity to plants varies 
widely, ranging from 0.5 mg/L for bush beans to 5 mg/L for 
kale (US EPA 2012).

Boron, on the other hand, is essentially less toxic for 
humans and plant tolerance determines its maximum allow-
able levels in irrigation water, where tolerance is defined 
as the ability of a crop to maintain yield in the presence 
of disease (which may in turn be caused by contaminants) 
(Newton 2016). Table 1 shows the relationship between 
boron levels and the tolerance of various crops (Ayers and 
Westcot 1994; Moss and Nagpal 2003).

Given the acute shortage of conventional water resources, 
the use of non-convectional resources is currently investi-
gated. At present, municipal wastewater and rainwater are 
alternative water supplies for irrigation (Petousi et al. 2015). 
Another source for irrigation can be wastewater generated in 
geothermal power plants, due to the high volumes produced 
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in these facilities (average value of 9.5 m3/h * MW). How-
ever, this source has high concentrations of toxic metalloids, 
such as boron and arsenic (Finster et al. 2015).

Mexico is the fourth largest geothermal electricity pro-
ducer worldwide, exploiting four fields through the Federal 
Electricity Commission Comisión Federal de Electricidad 
(CFE): Cerro Prieto (720 MWe), Los Azufres (88 MWe), 
Los Humeros (35 MWe) and Las Tres Vírgenes (10 MWe). 
Direct applications of geothermal wastewater have been 
evaluated at the Mexican geothermal field Los Azufres, 
including a wood-dryer, a greenhouse and a heating system 
for the CFE facilities (Hiriart and Gutiérrez-Negrín 2003). 
However, the direct reuse of geothermal wastewater for irri-
gation has not yet been assessed due to the high concentra-
tion of metalloids (approximately 6 mg/L As and 600 mg/L 
B). Therefore, it is important to develop a cost-effective 
treatment for these pollutants, capable of dealing with these 
high concentrations.

One of the most used technologies for the removal of 
arsenic and boron from wastewater is reverse osmosis (RO). 
The rejection of boron by RO is limited, and approximately 
40–78% of the influent boron content is normally found in 
the permeate (Samatya et al. 2015). Membrane processes 
removing B from geothermal and seawaters were studied by 
Tomaszewska and Bodezek (2013), Wang et al. (2014) and 
Güler et al. (2015), who focused their investigations on the 
evaluation of operating factors to improve the removal of 
this metalloid by RO. Nevertheless, this process has shown 
low removal efficiencies of boron when the initial concentra-
tion of this pollutant is high (Table 2).

Coupling ion exchange with commercial boron selective 
resins and ultrafiltration is another approach investigated 
for boron removal. The main advantage of this method is 
its high efficiency and relatively low cost, using only ion 
exchange, and the drawbacks of this process are the regen-
eration of exhausted resins and the conditioning stage (with 

Table 1  Sensitivity of Different Crops to Boron (Moss and Nagpal 2003; Ayers and Westcot 1994). Tolerance is defined as the limit of B at 
which the crop is still economically viable (Newton 2016)

Very sensitive Sensitive Moderately sensitive Moderately tolerant Tolerant Very tolerant

< 0.5 mg/L B 0.5–1 mg/L B 1–2 mg/L B 2–4 mg/L B 4–6 mg/L B 6–15 mg/L B
Citrus limon (Lemon) Persea americana 

(Avocado)
Capsicum annuum 

(Pepper)
Lactuca sativa (Let-

tuce)
Sorghum bicolor 

(Sorghum)
Gossypium hirsutum 

(Cotton)
Rubus spp. (Black-

berry)
Citrus X paradisi 

(Grapefruit)
Pisum sativa (Pea) Brassica oleracea 

(Cabbage)
Lycopersicon lycoper-

sicum (Tomato)
Asparagus officinalis 

(Asparagus)
Citrus sinensis 

(Orange)
Daucus carota (Car-

rot)
Apium graveolens 

(Celery)
Medicago sativa 

(Alfalfa)
Prunus armeniaca 

(Apricot)
Raphanus sativus 

(Radish)
Brassica rapa (Tur-

nip)
Petroselinum crispum 

(Parsley)
Prunus persica 

(Peach)
Solanum tuberosum 

(Potato)
Avena sativa (Oats) Beta vulgaris (Beet 

red)
Prunus avium 

(Cherry)
Cucumis sativus 

(Cucumber)
Zea mays (Maize)

Prunus domestica 
(Plum)

Cynara scolymus 
(Artichoke)

Diospyros kaki (Per-
simmon)

Nicotiana tabacum 
(Tobacco)

Vitis vinifera (Grape) Brassica juncea (Mus-
tard)

Juglans regia (Walnut)
Allium cepa (Onion)
Allium sativum 

(Garlic)
Ipomoea batatas 

(Sweet potato)
Triticum eastivum 

(Wheat)
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pH varying from 2 to 11 depending on the specific treat-
ment), which increase the treatment costs (Kabay et al. 
2013). This cost can also increase from 0.2 to 3.2 cent€/
m3 when membranes and resins are used simultaneously 
(Chillón et al. 2011).

Adsorption has also been used for the removal of these 
metalloids from water. However, this process can be very 
expensive due to the cost of the commercial adsorbents 
(Mohan and Pittman 2007; Ungureanu et al. 2015), espe-
cially because of the high doses required for removing pol-
lutants at elevated initial concentrations. In addition, this 
process has not yet been evaluated for treating geothermal 
wastewater. Therefore, the use of low-cost adsorbents is an 
alternative for the removal of contaminants present in high 
concentration (Wu et al. 2014; Kalel et al. 2017).

Metallurgical slags of the steel and iron-making indus-
tries are an interesting option to be used as low-cost adsor-
bents, due to their high availability and chemical composi-
tion (Wu et al. 2014). An earlier study by the authors showed 
that the removal of As(V) and B using slag shows a signifi-
cant economic advantage with respect a commercial product, 
because the estimated total treatment cost using slag was 
almost 60% lower (0.4 vs. 0.96 €/m3) (Mercado-Borrayo 
et al. 2014). The production of more than 400 million tons 
each year of iron and steel slag (Worldsteel Association 
2014) can easily fulfill the market demand for water treat-
ment while reducing environmental problems associated to 
its disposal, since most slags are still disposed in landfills. At 
the moment of writing, the most common use of slag is as a 
partial substitute of Portland cement in concretes (Kourou-
nis et al. 2007). A broad review on the use of metallurgical 
slag in environmental applications was provided recently by 
Mercado-Borrayo et al. (2018a, b).

Research on the use of slag for water treatment over the 
last decade has focused on the properties of its constituents 
(oxides of Fe, Si, Mg, Al and Ca) as related to the removal 
metals (Mercado-Borrayo et al. 2018a, b), phosphate (Oguz 
2005), dyes (Gupta and Suhas 2009) and organic compounds 

(Lee et al. 2009). Proposed removal mechanisms were based 
on adsorption/co-precipitation, redox reaction and electro-
static interaction. In the specific case of As and B, adsorp-
tion has been proposed as the governing mechanism (Piatak 
et al. 2015).

The experimental part of this research was performed at 
the laboratories of the Environmental Engineering Depart-
ment of the Engineering Institute, UNAM in 2013; addi-
tional characterization of the slag and data analysis were per-
formed in the period of 2015–2017, at the same department 
and the department of Materials and Manufacturing of the 
Faculty of Engineering, UNAM. The goal was to optimize 
the removal of arsenic(V) and boron by means of metallurgi-
cal slags, present in high concentrations in synthetic solution 
and geothermal wastewater, with the goal of producing an 
effluent for irrigation reuse. The question on the nature of 
the removal mechanism will also be addressed.

Materials and methods

Materials

Experiments were carried out using steel slag (Slag-1) and 
iron slag (Slag-2). These materials were characterized in a 
previous work (Mercado-Borrayo, 2013). X-ray diffraction 
(XRD) was done on a Bruker D8 Advance diffractometer 
in a 2θ range from 10° to 70°. The identification of crys-
talline phases was performed using the Powder Diffraction 
File; quantification was done using the Rietveld method 
with the Fullprof 2000 program. The surface characteristics 
were determined by the nitrogen physical adsorption tech-
nique using a Belsorp Mini II. The zeta potential  (pHpzc) 
was measured at 150 V with 60 Hz cycles with Zeta-Meter 
using slag suspensions of 0.1 g/L in distilled water over the 
pH range of 3–9. Further details can be found in Mercado-
Borrayo et al. (2013); results are summarized in Table 3. 
The arsenic and boron reagents utilized to prepare solutions 
were  Na2HAsO4·7H2O, 98.1%, Sigma-Aldrich and boric 
acid, Bruker, 99.9%.

Systems and experimental techniques

Removal tests of arsenic and boron from synthetic 
solutions

A response surface strategy was followed on a  33 experi-
mental grid by fitting a second-degree polynomial to the 27 
data points obtained for each slag and pollutant (108 experi-
ments). Contrary to a  33 factorial design, where replicates 

Table 2  Removal efficiencies of boron at different initial concentra-
tions by RO

Initial concentra-
tion (mg/L B)

% Removal References

2.5 56 Tomaszewska and Bodzek (2013)
5 55–93 Wang et al. (2014)
5 83–93 Güler et al. (2015)
8.98 48 Tomaszewska and Bodzek (2013)
96.73 12 Tomaszewska and Bodzek (2013)
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of each point are needed to determine the statistical signifi-
cance of the factor responses, the response surface approach 
allows determining the statistical significance of each factor 
through the fitting of only 10 polynomial coefficients to 27 
data points. Table 4 shows the factors values evaluated for 
the two slags, which were selected based on information 
reported in the literature.

The tests were performed in Erlenmeyer flasks and using 
synthetic solutions with initial concentrations of 6 mg/L As 
and 600 mg/L B; the slag doses ranged from 3 to 7 g/L, as 
specified by the experimental design. After preparing the 
suspensions without adjusting pH, all flasks were placed for 
mixing in an oscillating shaker at 250 rpm and using the 
temperature specified by the experimental design. After 6 h 

of mixing, 1 mL of each sample was filtered on 0.45 μm 
membranes (Millipore, cellulose esters). The experimental 
conditions were determined from kinetics and isotherms 
determined in earlier research, yielding equilibrium reac-
tion data for As(V) as: Teq = 2.5 h and qe = 1.99 mg/g with 
Slag-2 and for B: Teq = 4 h and qe = 1.75 mg/g with Slag-1 
(Mercado-Borrayo et al. 2014).

Removal tests of arsenic and boron from geothermal 
wastewater

A geothermal wastewater sample was collected in the re-
injection well of Los Humeros geothermal field to perform 
removal tests using the optimal values of the significant 
factors found by means of the response surface. The ini-
tial chemical composition of the wastewater is presented in 
Table 5 (González-Partida et al. 2005). The same experi-
mental methodology described above was used in these 
experiments, in a two-step process, i.e., by first using Slag-1 
for boron removal and then Slag-2 for arsenic(V) removal, 
both under the optimal conditions as determined using the 
synthetic solutions.

Solidification/stabilization of saturated slag

A solidification/stabilization treatment was used for both 
slags; 60% commercial cement was mixed with 40% sat-
urated slag in a glass vessel at room temperature, adding 
water to prepare the mixture and then left to cure ate ambient 
conditions. As per Mexican norm NOM-052-SEMARNAT 
(2005), this product was evaluated by a certified laboratory. 
The norm includes tests for corrosivity, flammability, explo-
sivity, reactivity and environmental toxicity, the latter being 
the only relevant question in this case.

Analytical techniques

The concentration of arsenic(V) was measured using the 
molybdenum blue spectrophotometric method (Rao and 
Rajan 1993), with ammonium molybdate (Fermont, 81.6%), 
hydrazine sulfate (Aldrich, 99%) and potassium bromide 

Table 3  Principal characteristics of the slags used

Slag 1 Slag 2

XRD 38% by weight 
of Mg(OH)2

30% by weight 
of Ca(OH)2

13% by weight 
of  CaFe2O4

55% by weight of iron oxides, present 
in form αFeO(OH), γ-Fe2O3 and/or 
 Fe3O4

31% by weight of Mg(OH)2

SBET Specific 
surface area: 
7.34 m2/g

Pore vol-
ume: 2.78 
E−02 cm3/g

Pore diameter: 
15.09 nm

Specific surface area: 0.3 4 m2/g
Pore volume: 3.61 E−03 cm3/g
Pore diameter: 42.74 nm

pHpzc 8.5 6.5

Table 4  Natural and 
corresponding scaled values 
(− 1, 0, 1) for removal of As(V) 
and B with slags

Factors Levels

− 1 0 1

Temperature (°C) 25 35 45
Dose of slag (g/L) 3 5 7
pH (Slag-1) 7 9 11
pH (Slag-2) 6 8 10

Table 5  Average concentrations 
of ions characteristics 
of wastewater from four 
geothermal fields in Mexico

The concentrations of all compounds are expressed in mg/L
nr not reported

Geothermal fields Li Na K Mg Ca B As− Cl HCO3 SO4 SiO2

Cerro Prieto 320 1.5 × 105 4 × 104 nr 1 × 104 500 30 3 × 105 nr 170 4 × 104

Tres Vírgenes 19 4297.5 737.5 0.85 274 157.5 5.39 7903 30.15 18.45 539
Los Azufres 23.82 4370.5 23.81 0.5 53.84 278.5 14.4 2705.8 11.63 43.14 776.75
Los Humeros 0.59 195.04 28.31 0.14 1.48 580 5.8 72.74 110 77.68 520.90
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(Aldrich, 99%). The detection limit was 0.01 mg/L As, and 
the calibration curve showed a linear correlation coefficient 
R = 0.997. The concentration of boron was quantified using 
the spectrophotometric carmine method (Spielholtz et al. 
1974). The detection limit of this method is 0.2 mg/L B and 
R = 0.999.

To explain the removal mechanism, slag grains were 
observed in a Philips XL20 Scanning Electron Microscope 
with standard Everhart–Thornley secondary electron detec-
tor and solid-state backscattered electron (BSE) detector. 
Observations were made on uncoated samples using atomic 
number contrast with BSE at an accelerating voltage of 
20 kV. Energy dispersive X-ray spectroscopy was executed 
with a solid-state Oxford 7593 detector. Slag samples were 
observed before and after removal tests. “Blank” samples 
were produced by exposing the slags to distilled water under 
identical conditions as in the removal tests.

For SEM observations, 25 grains of slags in the size range 
of 20–50 μm were selected from randomly chosen observa-
tion fields, analyzing 3 or four grains per field, selected in 
the size range of 100 μm way and chosen such that the grains 
observed in a single field showed significant differences in 
morphology and/or composition. A fully random and sta-
tistically representative analysis is not feasible due to the 
large variation of particle sizes, morphology and composi-
tion; the present approach allowed to find sufficient grains in 
each condition (raw material, blank samples, samples after 
removal tests) to reach relevant conclusions.

Results and discussion

Statistical analysis of the removal data of arsenic 
and boron from the synthetic solution

The statistical models of As(V)-Slag-1, As(V)-Slag-2, 
B-Slag-1 and B-Slag-2 are shown in Eqs. 1–4 (nonsignifi-
cant terms are omitted).

As-Slag-1 % Removal = 46.74 − 0.99x 
+ 3.29y + 1.07xy + 11.74z 
+ 0.78yz

Eq. 1

As-Slag-2 % Removal = 74.63 − 6.25x 
+ 3.05x2 + 2.54y + 18.75z 
+ 3.59xz

Eq. 2

B-Slag-1 % Removal = 98.90 − 3.06x−
5.75x2 + 1.76y + 6.16z−1.3
5xz−5.09z2

Eq. 3

B-Slag-2 % Removal = 75.23 − 1.83
x−8.34x2 + 1.60y + 8.49z 
+ 1.10xz

Eq. 4

where x: temperature, y: slag dose and z: pH (scaled values, 
see Table 4).

Figure 1a, b shows the response surfaces of both slags as 
a function of the scaled values of the experimental factors. 
Only the results of the slags showing the best removal of 
pollutants are illustrated. Figure 1a is a graphical representa-
tion of Eq. 3 (B-removal with slag 1), Fig. 2b corresponds 
to Eq. 2 (As-removal with slag 2). Because the response 
surface is determined by the simultaneous variation of three 
parameters, surfaces of constant removal efficiency are 

Fig. 1  Response surfaces of the B-removal using Slag-1 (a) and 
As(V) using Slag-2 (b). Surfaces of constant removal (%) are plotted 
as a function of temperature, pH and slag dose
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presented. The blue contours show the removal efficiency 
(%), as obtained from experiments. The red contours cor-
respond to constant levels of removal (in terms of residual 
concentration), with levels chosen according to environmen-
tal regulation.

B-removal ranged from 80 to > 99% using Slag-1 (blue 
surfaces in Fig. 1b). The concentrations of 1 mg/L B (tol-
erance for moderately sensitive crops), 5 mg/L B (tolerant 
crops) and 15 mg/L B (very tolerant crops) are illustrated in 
the graph by red surfaces. For the latter concentrations, the 
removal must be > 95%, which can be achieved easily under 
the experimental conditions tested here.

The As (V) removal ranged from 75 to 99% using Slag-2; 
when considering the limit concentration of this pollutant in 
wastewater treated for irrigation and an initial concentration 
of 6 mg/L As, a final content of 0.2 mg/L can be obtained 
with 96.6% of efficiency, and 0.1 mg/L As can be achieved 

with 98.3%. A contour is added which represents a residual 
concentration of 0.025 mg/L As, which would correspond 
to the Mexican standard for drinking water (Modificación de 
la NOM-127-SSA1 1994). It can be seen that even this level 
is within reach of the proposed process.

Optimization of the removal process of arsenic 
and boron from synthetic solutions

Table 6 shows the unscaled values of the factors, the final 
concentrations and the removal of As(V) by Slag-1 and B 
by Slag-2, according to the experimental results for the 
synthetic solution. The effluent can be used for irrigation 
of tolerant crops (Table 1), since the final concentrations 
of boron (6 mg/L) and arsenic (0.012 mg/L) meet the cri-
teria proposed for irrigation (0.1–2 mg/L As) for this type 
of crops.

Table  7 compares removal data of some materials 
described in the literature to the optimal results obtained 
in this work. The initial concentrations of pollutants in 
the present work are higher than the values reported in 
the literature, and lower doses of slags were employed in 
this research as compared to the amount of reagents used 
in Table 6, at a similar pH value.

Removal tests of arsenic and boron 
from a geothermal wastewater

As(V) and B were removed from a geothermal wastewater 
using the optimal conditions obtained in the experimental 
designs using the synthetic solution for both slags (Table 6). 
The treatment train using both slags is illustrated in Fig. 2, as 
well as the final concentration and the removal of pollutants 

Fig. 2  Treatment train for the removal of As and B from geothermal 
wastewater using two different slags

Table 6  Optimization of the removal of arsenic and boron for both 
slags in synthetic solution

Factor Natural value (mg/L)fin % Removal

Optimization of removal As-Slag-2
 x: Temperature (°C) 25 0.012 mg/L As 99.8
 y: Dose of slag (g/L) 7
 z: pH 10

Optimization of removal B-Slag-1
 x:Temperature (°C) 35 6 mg/L B 99.0
 y: Dose of slag (g/L) 7
 z: pH 9
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obtained in each removal stage. In the first step with Slag-
1, the arsenic concentration decreased to 2.23 mg/L; in the 
second stage, the concentration was of 0.11 mg/L As(V) 
using Slag-2. This value is within the range (1 mg/L As) 
of international criteria proposed for agricultural irrigation 
water. The residual content of boron in the first removal step 
was 17.91 mg/L B; in the second one the effluent contained 
10.65 mg/L, which meets the criteria recommended for very 
tolerant crops (6 mg/L B to 15 mg/L B) such as asparagus, 
sweet corn, cotton, sorghum and celery.

Solidification/stabilization of saturated slag

The solidification/stabilization process produced a solid 
with light gray color. According to the procedure defined 
in NOM-052-SEMARNAT (2005), the solid was classified 
as non-hazardous. Release of toxic substances was below 
the following values: Arsenic 5 mg/L, barium 100 mg/L, 
cadmium 1 mg/L, chromium 5.0 mg/L, mercury 0.2 mg/L, 
silver 5.0 mg/L, lead 5.0 mg/L and selenium 1.0 mg/L, as 
defined in the norm. From the removal mechanisms pre-
sented in the next section, it follows that the contaminants 
form stable precipitates on the slag surfaces. Regeneration 
of the slag for further use in the removal process is therefore 
not considered, but use in certain building applications is a 
logical option based on the results presented in this section.

Analysis of the removal mechanisms

The starting hypothesis of this work was that metallurgical 
slags would remove As (V) and B by means of adsorption. 

This hypothesis was based on the results of several authors 
(Kan et al. 2005; Fuente and Muñoz 2009; Chimenos et al. 
2003) who have shown that these metalloids are removed 
by crystalline phases of certain metal oxides such as magh-
emite, portlandite, periclase and brucite, in accordance with 
the following reversible and irreversible adsorption reactions 
(Eqs. 5–10).

Reaction in metallic surface
Me2+ + 2H2O ↔ Me(OH)2 + 2H+ Eq. 5 Hydrolysis
Me2+ + 2OH ↔ Me(OH)2

+ Eq. 6 Hydroxylation
Boron
B(OH)3 + H2O ↔ B(OH)4

− + H+ Eq. 7 Dissociation of B

Me(OH)2
+ + B(OH)4

- ↔  

Eq. 8 Physisorption or 
chemisorption of B

Arsenic
AsO(OH)3 + H2O ↔ H2AsO4

− + H3O+

H2AsO4
− + H2O ↔ HAsO4

2− + H3O+

HAsO4
2− + H2O ↔ AsO4

3− + H3O+ Eq. 9 Dissociation of As

Me(OH)2
+ + AsO4

3- ↔  

Eq. 10 Physisorption or 
chemisorption of As

where  Me2+ is a metal ion.

However, the low surface area of the slag makes such 
adsorption hypothesis difficult to maintain. The calcu-
lated surface area for slag 1 was equal to 7.34 m2/g, and 
for Slag-2 of 0.34 m2/g. The BET-isotherm (Fig. 3) shows 
that no significant mesoporosity (2–50 nm) or microporosity 
(< 2 nm) is present. The problem is illustrated by a simple 

Table 7  As and B studies by adsorption process with non-conventional low-cost adsorbents

nr not reported

Adsorbent (mg/L)o Doses (g/L) PH Time (h) Temperature (°C) % References

Removal of arsenic with non-conventional low-cost adsorbents
 Slag 2: This work 6 7 10 6 25 99.8
  Metallurgical slags 1.40 nr 10 7 nr 80 Mohan and Pittman (2007)
  Steel 10 20 7 nr nr 85 Mohan and Pittman (2007)
  Iron oxide-coated rock nr 13 nr nr nr 99 Ilahi and Ali (2017)
  Hematite/goethite 0.07–0.5 2 2–10 24 nr 80 Mamindy-Pajany et al. (2009)
  Goethite 12 2.5 2.5 20 22 95 Asta et al. (2009)
  Maghemite 0.25 5 3–9 5 23 95 Tuutijärvi et al. (2009)

Removal of boron with non-conventional low-cost adsorbents
 Slag 1: This work 600 7 9 6 35 99
  Red mud 12–200 1–8 2–7 4 nr > 95 Cengeloglu et al. (2007)
  Fly ash 600 1–5 2–11 8 25–45 90 Kashiwakura et al. (2009)
  Carbon and fly ash 5 8–10 3–12 6 nr > 90 Polat et al. (2004)



2380 International Journal of Environmental Science and Technology (2019) 16:2373–2384

1 3

order-of-magnitude calculation. If one assumes that the 
entire available surface area is covered by a monolayer of 
densely packed spherical ions with radius equal to that of the 
borate-ion (191 pm) and  H2AsO3

− (840 pm), respectively, 
it is found that such monolayer cannot contain more than 
7.3 mg of B adsorbed on 7 g of Slag-1 and 0.37 mg of As(V) 
on 7 g of Slag-2 under optimal operating conditions. This 
is 80 times less than the value obtained in practice for B on 
Slag-1 and 16 times less for As(V) on Slag-2. This excludes 
monolayer adsorption as a possible process. Even if a multi-
layer adsorption is considered to some extent, the amount of 
metalloids removed is too high; this means that adsorption is 
unlikely to be the principal removal mechanism.

SEM observations provide a first explanation on the alter-
native mechanisms involved. It was clear from the compari-
son of 25 grains each in the original material, blank samples 
and removal test samples that there were large differences 
between the three states. Representative examples of the 
SEM observations are presented in Fig. 4 (4A: slag 1, blank 
sample, 4B: slag 1, blank sample, 4C: Ca-rich grain in slag 
1 (blank), 4D, similar as 4C, after exposure to B-containing 
solution, 4E: slag 2, blank. 4F: similar as 4E, after exposure 
to As-containing solution).

Figure 4a presents an example of a eutectic microstructure 
in the slag blank sample, which was revealed by the expo-
sure to distilled water. Figure 4b presents a grain covered 

with Fe-based crystals in the blank sample, providing evi-
dence of dynamic dissolution–precipitation. Structures 
like A and B were not seen in the raw material; structures 
like B were very rare even in the blank material. Figure 4c 
presents a Ca-rich grain of the steel slag with observable 
surface porosity, probably due to selective leaching dur-
ing exposure to distilled water. Figure 4d shows a similar 
grain, but covered with Fe-rich deposits after exposure to 
the B-containing synthetic solution. Figure 4e presents a 
grain of iron slag, showing selective leaching in the form 
of pits (a) and grooves (b) of the Ca-rich phase in a binary 
eutectic with iron oxide. Figure 4f corresponds to a similar 
grain covered with iron-rich deposits, in the form of crusts 
(c) or as a very thin layer, which still allows observing the 
underlying eutectic lamellae (d).

From the comparison of the original with the blank sam-
ples, it followed that a leaching process was active because 
some grains show irregular surfaces in the blank due to 
selective dissolution, others show preferential dissolution 
of one of the phases in a two-phase microstructure, while 
still others reveal microstructures which were not visible in 
any of the original grains, indicating that these were covered 
by a product that was leached during the blank tests (Fig. 4) 
(see also Mombelli et al. 2016). In the presence of the metal-
loid anions, new deposits are formed which take the form of 
porous crusts in the case of Fig. 4b on Slag-1 and more con-
tinuous crusts for As(V) on Slag-2. In the latter case, some 
grains are covered with a thin layer of new deposits (Fig. 4f). 
The use of BSE allows detecting the underlying substrate, 
but it shall be reminded that the secondary electron penetra-
tion is a few μm under the present observation conditions 
(Goldstein et al. 2012), so what is seen in the image is not 
the result of a few adsorbed layers of atoms but a thin crust 
of iron-rich material covering the substrate.

These observations provide a strong indication that the 
removal mechanism is one of dissolution and co-precipita-
tion, with the precipitates capturing the metalloids in their 
structure. There are three aspects of this process to be taken 
into account. Firstly, it has been indicated that species like 
calcite have a sufficiently high solubility to be in a dynamic 
state of dissolution/re-precipitation, favouring co-precipi-
tation with appropriate metals. The fact that the pH of the 
solutions increases to 10 upon slag addition is a clear indica-
tion of the leaching of alkaline species. Those metals with 
an ionic radius similar to that of Ca (e.g.,  Cd2+,  Mn2+ and 
 Fe2+) can readily enter the calcite structure and form surface 

Fig. 3  Nitrogen adsorption isotherms for both slags
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co-precipitates (Zhou and Haynes 2010). The role of iron 
was described by Song et al. (2006) and by Li et al. (2010).

Secondly, it must be pointed out that in the case of slag, 
several components can be dissolved independently from 
their parent phases but will then interact with other spe-
cies in solution. The presence of Fe-ions can then affect the 

solubility of Ca and Mg. The third aspect follows directly 
from the present observations. While precipitation is not 
entirely absent in the blank samples, its importance is lim-
ited as compared to the products used in the removal of As 
and B. This shows that the borate and arsenate ions play 
an active role in the promotion of precipitation. Bothe and 

Fig. 4  SEM-observations of blank samples and samples after adsorption
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Brown (1999) investigated the role of calcium in such pro-
cess, and Guan et al. (2009) described the complexation of 
calcium by iron. In the present work, as well as in the work 
of Song et al. (2006) and Li et al. (2010), the presence of 
As is below the detection limit of EDX, while B cannot be 
detected reliably in conventional EDX because of the use 
of a Be-window for the detector. Similarly, the relatively 
small amount of surface precipitates cannot be detected with 
precision by XRD. Techniques that are more sensitive will 
be used in future research to elucidate the precise reaction 
mechanisms and products formed in the processes reported 
here.

Conclusion

As an important progress with respect to earlier studies, this 
work demonstrates the feasibility of treating naturally con-
taminated geothermal wastewater with a two-step process, 
at the optimized conditions obtained for synthetic solutions 
of As(V) and B. This produced an effluent with an arsenic 
content (0.011 mg/L) which meets the criteria proposed by 
the US Environmental Protection Agency for irrigation. The 
final boron concentration (10.56 mg/L) was within the range 
proposed for very tolerant crops (6–15 mg/L). The perfor-
mance of the two-step process is better than other processes 
using non-conventional reagents. The spent slag can be sta-
bilized by conventional means (solidification/stabilization) 
and does not propose an environmental hazard.

It was found that removal of the metalloids involves the 
dissolution of iron, calcium and magnesium containing min-
erals in the slag and re-precipitation of insoluble products on 
the surface of the slag, which capture the pollutants in their 
structure. This observation presents a significant paradigm 
shift, because physisorption and chemisorption are more 
frequently considered as being responsible for the removal 
of metalloids by slags. A detailed analysis of the products 
and reactions involved is subject of ongoing research and 
may allow a more precisely directed process optimization 
strategy in future projects.
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