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Chapter 13
Removal of Uranium from Flowback 
Water of Hydraulic Fracturing Processes 
in Unconventional Reservoirs Using 
Phosphorus- and Nitrogen-Functionalized 
Activated Carbons

Karol Z. Acosta, Mauricio Holguín, Mónica M. Lozano, 
Francisco Carrasco-Marín, Raúl Ocampo, Agustín F. Pérez-Cadenas, 
Camilo A. Franco, and Farid B. Cortés

13.1  �Introduction

Gas unconventional reservoirs are currently considered as viable sources of energy 
for different countries to ensure their requirements and increase the reserves to con-
solidate energy self-sufficiency [1, 2]. Thus, the production of unconventional oil 
and gas has increased continuously. For example, in 2015, the annual production of 
unconventional oil and gas amounted to 30 billion BOPD and 9.273 × 108 Nm3 [3], 
respectively, mainly due to the hydraulic fracturing (HF). Hydraulic fracturing is a 
technique commonly used for the oil and gas exploitation in reservoirs of ultralow 
permeability rocks such as tight, shale, and coal beds. This technique uses water-
based fluids composed of surfactants, polymer, clay stabilizers, biocide, and sand 
that are injected at high pressures into the formation [4]. This process creates new 
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fractures in the formation, favoring the well productivity due to the increased con-
nectivity of existing pores and fractures, and hence increases the permeability to 
conduct the fluids into the well [5]. Nevertheless, the rock associated to these reser-
voirs has different radioactive elements such as thorium (Th) and uranium (U) [6], 
which are known as naturally occurring radioactive materials (NORM) [7]. 
Terrestrial NORM typically found in geological formations consists of isotopes 
from the uranium-238 decay series, thorium-232 decay series, and potassium-40. In 
many cases it is the decay products of the uranium and thorium decay chain that 
present a larger problem to the environment (e.g., Radon-228). Accordingly, signifi-
cant amounts of produced waters are generated during the exploitation and fractur-
ing processes named production water flowback, which carry with it sand, chemical, 
organic compounds, radioactive elements (depending on the geochemical of the 
formation), among others [4, 7]. The NORM are well-documented contaminants of 
oil and gas wastes [7]. However, to the best of our knowledge, there are no studies 
reported in the scientific literature about NORM removal from the water production 
in HF process in unconventional reservoirs. Some authors report the adsorption of 
uranyl (VI) ions in aqueous solutions by magnetic polyethyleneimine-modified acti-
vated coal [8], NORM adsorption by a batch of insolubilized humic acid [9], bio-
sorption removal of Th(IV) by Aspergillus niger [10], and others that include 
adsorption with other materials like zeolite, two-dimensional MXene material, and 
resins [11, 12]. Therefore, the main objective of this work is to develop activated 
carbons (AC) from olive stones with unique chemical surface characteristics for 
uranium (U) removal. For this proposal, carbon surfaces have been modified by 
doping with different heteroatoms of nitrogen, phosphorus, and phosphorus/nitro-
gen. The adsorption studies have been focused on uranyl acetate aqueous solutions. 
Moreover, the effects of the chemical nature of the adsorbent, adsorbent/adsorbate 
ratio, and salinity were evaluated based on the fluid-surface interactions. Besides, 
the obtained isotherms were fitted with a mathematical model for explaining the 
phenomenological behavior. Finally, a reuse test was designed based on the desorp-
tion/adsorption data for understanding the perdurability of the synthesized materials.

13.2  �Materials and Methods

13.2.1  �Materials

Olive stones (agro-industrial waste) were selected as raw material for activated car-
bon production. These were crushed and sieved to 1.0–2.0  mm size and subse-
quently dried at 90 °C until constant weight. Phosphoric acid (reagent grade ≥ 80%, 
Sigma-Aldrich, St. Louis, MO, USA) was employed for the chemical activation of 
the raw material before carbonization. Melamine (99%, Sigma Aldrich, St. Louis, 
MO, USA), phosphoric acid, and ammonium phosphate (reagent grade ≥  98%, 
Sigma Aldrich, St. Louis, MO, USA) were used for the functionalization of the 
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material surface. Distilled water was used for the washing protocol. On the other 
hand, a uranyl acetate was used as a precursor of the uranyl ion (reagent grade ≥ 98%, 
Sigma Aldrich, St. Louis, MO, USA).

13.2.2  �Methods

13.2.2.1  �Preparation of Activated Carbons

Activated carbons (ACs) were produced by chemical activation of olive stones with 
the phosphoric acid solution following the process before described by Moreno-
Castilla et al. [13]. Thus, 100 g of olive stones were mixed with the phosphoric acid 
solution in a mass ratio of 1:2. The mixture was macerated and dried using an IR 
lamp for 20  h. It was then carbonized in a tubular furnace (Heraeus, Hanau, 
Germany) by heating at 10 °C/min up to 840 °C. A soaking time of 2 h under a 
nitrogen flow of 300  cm3/min was used. The material obtained was treated with 
distilled water until pH = 7.

13.2.2.2  �Modification of Activated Carbons

After the AC material was dried at 100 °C for 24 h, an incipient impregnation pro-
cess was used for surface modifications [14]. In this sense, an appropriate quantity 
of functionalizing agents such as melamine, phosphoric acid, and ammonium phos-
phate was used to dope the carbon surface with heteroatoms such as N (AC-N), P 
(AC-P), or N and P (AC-NP) in the AC sample, respectively. For this proposal, the 
solutions with the heteroatoms (P, N, and N and P) were prepared based on the solu-
bility limit in water and/or ethanol [15]. Then, these solutions were gradually 
dropped on AC material. After the impregnation, the materials were dried using an 
IR lamp for 20 h, and finally, they were heated at 700 °C under a nitrogen.

13.2.2.3  �Characterization of Activated Carbons

Scanning electron microscopy (SEM) analysis was used for studying the morphol-
ogy of the materials using a GEMINI-1530 microscope (Berlin, Germany). Textural 
properties were calculated from sorption isotherms of N2 using a Quadrasorb SI 
instrument (Florida, USA). Previously, the carbons were degassed overnight at 
110 °C. The Brunauer–Emmett–Teller (BET) equation was fitted to isotherms to 
estimate the surface area (SBET), while the Dubinin–Radushkevich (DR) model was 
used to calculate the micropore properties (micropore volume, Vmic, and micropore 
mean size, Lmic) [16]. Mercury porosimetry was developed to obtain the macropore 
volume Vmacro (pore size from 50 to 10,000 nm) and mesopore, Lmeso, and macropore 
width (Lmacro) by using an AutoPore IV 9510 instrument up to a pressure of 
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2000 kg cm−2 (Georgia, USA). Pore size distributions (PSD) were calculated by the 
application of QSDFT to N2 adsorption isotherms and mercury porosimetry results. 
Total pore volume, VT, was calculated from the whole PSD, and mesopore volume, 
Vmeso, was calculated by the integration between 2 and 50 nm. The carbon chemical 
properties were obtained by X-ray photoelectron spectroscopy analysis (XPS) and 
by determining the pHIEP [17].

13.2.2.4  �Material Selection

In order to determine the most efficient materials during U removal, adsorption tests 
were carried out according to the method previously reported by Khalili et al. [12]. 
Adsorption assays were carried out in aqueous solutions, in the absence of salts and 
using a ratio of 10:1 adsorbent/adsorbate and 500 mg/L of uranyl in solution. The 
adsorptive couple is contacted during 24 h at 300 rpm later, they are separated by 
centrifugation (4000 rpm), and the residual uranyl content in the supernatant was 
determined by using a spectrofluorometer with λExc.=369 nm, λEmi.=510, Slit exc. = 
10 nm, and Slit emi. = 10 nm (Thermo Scientific, Waltham, MA, USA).

13.2.2.5  �Adsorption Isotherms

Uranyl adsorption isotherms were developed on the materials that turned out to be 
more efficient. For this, a solution containing 1000 mg/L of uranyl acetate (U) in 
deionized water was prepared and subsequently diluted at concentrations between 
10 and 500 mg/L in the different systems (varying the amount of ACs materials and 
varying salinity) at pH 6.3. The residual concentration of U during the adsorption 
was determined by using spectrofluorometer (Thermo Scientific, Waltham, MA, 
USA) to the conditions previously described. The time for reaching the adsorption 
equilibrium was around 4 hours. The amounts adsorbed in units of milligram of 
uranyl per gram mass of materials were estimated according to Eq. (13.1) according 
to the method described by Franco et al. [18]:

	
N

C Ce V

Wads =
−( )0

	 (13.1)

Where C0 (mg/L) is the initial uranyl concentration while Ce (mg/L) is the uranyl 
equilibrium concentrations; V (L) is the volume of the uranyl solution, and W (g) is 
the mass of carbons used to essay. The concentration of uranyl residual in the super-
natant was determined by fluorescence as described above.
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13.2.2.6  �Effect of Adsorbent/Adsorbate Ratio on Adsorption Efficiency 
of Uranyl

For this, different amounts of ACs materials were employed (100 mg per 20 ml of 
uranyl solution (a ratio of 5:1), 200 mg per 20 mL of solution (10:1), and 400 mg 
per 20 ml of solution (20:1)), and the other conditions for the adsorption were main-
tained constant. The isotherms were estimated as explained above.

13.2.2.7  �Effect of Salinity on Adsorption Efficiency of Uranyl

For this, three salt concentrations using KCl were prepared (1% w/v, 3% w/v, and 
5% w/v; the salinities were chosen considering the average hardness of the flow-
back water), and the other conditions were maintained constant (adsorbent/adsor-
bate ratio 10:1 and pH 6.3). Then, isotherms were estimated, as explained above.

13.2.2.8  �Reuse Process

The desorption test of using basic solutions was carried out in order to evaluate the 
capacity of the material in reuse processes. For this, the composites AC material-
uranyl were left in a NaOH solution at pH of 12.0. After 24 h, the content of uranyl 
in the medium was monitored by fluorescence using a new calibration curve. 
Subsequently, the materials were used in resorption tests. For this, 200  mg of 
desorbed materials were added to 10 ml of an aqueous solution of uranyl to 500 mg/L 
(pH = 6.3), then the mixture was stirred at 300 rpm during 4 h, and the content of 
uranyl in the solutions was again measured; a total of 30 adsorption-re-adsorption 
cycles were carried out.

13.2.2.9  �Solid-Liquid Equilibrium (BET) Model

The BET model has been extensively used to fit sorption isotherm experimental data 
[19]. This model describes mainly the multilayer adsorption phenomena for liquid-
solid systems [20–23]. The model is presented below:

	

q q
K C

K C K C K C
=

−( ) − +( )max
S E

L E L E S E1 1
	

where q is the amount of uranyl (mg/g) adsorbed at equilibrium, qmax is the maxi-
mum adsorption capacity (mg/g), CE is the equilibrium concentration of uranyl in 
the aqueous phase (mg/L), and KS (L/mg) and KL (L/mg) are the equilibrium con-
stants of adsorption for the first layer and the upper layers, respectively.
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13.3  �Results

13.3.1  �Material Characterization

AC morphologies were analyzed by SEM; illustrative images are shown in Fig. 13.1. 
AC samples are three-dimensional networks of amorphous particles in a micromet-
ric regime, arranged randomly, and with spaces between the primary particles, 
which define their porosity, which is essential for physisorption phenomena. Other 
studies have described this type of arrangement [24, 25].

The N2 sorption isotherms of AC materials are presented in Fig. 13.2. Carbons 
show type I–IV hybrid isotherms with a H4 hysteresis loop according to UIPAC 
(International Union of Pure and Applied Chemistry) [26], and these results are 
characteristic of microporous-mesoporous hybrid materials with narrow slit-like 
pores. The slight slope at low relative pressures less than 0.1 is evidence of the 
development of the monolayer. After that, the curve is pronounced indicating the 
beginning of the multilayer fission, which corresponds to the filling of mesopores. 
Other studies have revealed the ability of phosphoric acid to increase the micro- and 
mesoporous space, causing the collapse of macropores [25, 27, 28].

The textural properties of materials derived from the isotherms are summarized 
in Table 13.1. All samples (AC materials) were microporous-mesoporous hybrid; 
Vmicro and Vmeso represented, each one, the 40% of VT. Functionalized materials 
exhibited VT slightly lower than the AC sample (control), which is expected, con-
sidering that the heteroatoms block the pore by deposition in the micro- and meso-
porous spaces [27]. However, the modification with phosphoric acid (P) had a dual 
activating consequence, increasing total porous volume.

The pore size distributions (PSD) of the AC materials are shown in Fig. 13.3. The 
results attained by the coupling of nitrogen isotherms and mercury porosimetry con-
firm that carbon materials are microporous–mesoporous materials; Vmacro represents 
less than 20% of VT in all cases. All distributions showed bimodal behaviors; 

5 µm

Fig. 13.1  The 
microstructure of the 
activated carbon without 
functionalization (AC) 
sample obtained by SEM 
analysis
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micropore mean width was centered on L0 (N2) 1.34 ± 0.03 nm, and mesopore mean 
width was centered on d, 2.36 ± 0.28 nm for AC materials, and this region repre-
sents the 80% of total area. These results agree with those reported by Moreno-
Castilla et al. [13].

In addition to the available porous space, the surface chemistry of the material is 
essential for the stabilization of the adsorptive couple. The chemical compositions 
of the carbons are summarized in Table 13.2. In general, the surface of the materials 
was constituted mainly of C atoms (≈ 80%) and presented residual nitrogen in 
AC-N and AC-NP for the functionalization method and phosphorus atoms either by 
the process of functionalization or activation. The pHIEP becomes an important 
parameter to characterize the chemistry of carbons [29, 30]. It is defined as the pH 
value at which the total charge on the surface of the adsorbent is neutral [30] and 
determines the charge density of materials under different pH. Furthermore, it is 
strongly dependent on the chemical groups that possess the materials on their sur-
faces. The pHIEP for all materials is acidic.

The use of the activating agent (H3PO4) promoted the formation of cross-links 
with phosphoryl groups; these chemical groups are proton-active and generate a 
negatively charged surface with low pHIEP. Comparable results have been found by 

Fig. 13.2  N2-Isotherms at 
−196 °C for , activated 
carbon without 
functionalization (AC); , 
activated carbon 
functionalized with 
melamine (AC-N); , 
activated carbon 
functionalized with 
phosphoric acid (AC-P); 
and , activated carbon 
functionalized with 
ammonium phosphate 
(AC-NP). Adsorption 
(open symbols); desorption 
(closed symbols)

Table 13.1  Textural properties of activated carbon without functionalization (AC), activated 
carbon functionalized with melamine (AC-N), activated carbon functionalized with phosphoric 
acid (AC-P), and activated carbon functionalized with ammonium phosphate (AC-NP)

Sample
SBET Vmicro Lmicro Vmeso Lmeso Vmacro VT

m2/g cm3/g nm cm3/g nm cm3/g cm3/g

AC 1224 0.442 1.33 0.375 2.46 0.145 0.962
AC-N 1169 0.420 1.36 0.404 2.44 0.125 0.951
AC-P 1296 0.450 1.37 0.484 2.38 0.123 1.071
AC-NP 1139 0.409 1.34 0.403 2.18 0.041 0.848
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other researchers [30]. The addition of heteroatoms such as nitrogen, free (N), or 
combined (NP), slightly increased the value of pHIEP. However, for all AC materials, 
the surface chemistry is determined to a greater extent by the activating agent 
(H3PO4) [13, 31, 32]. In brief, the AC-N and AC-NP samples display a higher pHIEP 
value than the other materials for the presence of amino groups on its surface 
(groups positively charged – Lewis bases). In contrast, AC and AC-P materials show 
the lowest value for pHIEP due to the presence of phosphoryl groups, also called acid 
groups or proton-active that gives a negative charge density to the materials and, 
consequently, a lower value of pHIEP [33].

13.3.2  �Material Selection

The capacity of activated carbons with different chemical natures to remove uranyl 
was evaluated. Explicitly, the carbons evaluated reached removals of uranyl between 
50% and 100% after 4  h. The adsorption efficiencies are given in the following 
order (97%) AC-N  >  (96%) AC  >  (81%) AC-NP  >  (56%) AC-P for the uranyl 

Fig. 13.3  Pore size distribution for: , activated carbon without functionalization (AC); , acti-
vated carbon functionalized with melamine (AC-N); , activated carbon functionalized with phos-
phoric acid (AC-P); and , activated carbon functionalized with ammonium phosphate (AC-NP). 
Obtained by the application of QSDFT to N2 adsorption isotherms and mercury porosimetry

Table 13.2  Atomic concentration on the surface of activated carbon series. Assessed by XPS 
analysis

Sample
Surface atomic concentrations (%)

pHIEPC1s O1s N1s P2p Heteroatoms (O + P)

AC 85.5 7.7 – 6.7 14.4 2.44
AC-N 84.6 7.6 1.1 6.7 14.3 2.96
AC-P 83.4 7.7 – 8.9 16.6 1.92
AC-NP 82.3 7.7 0.6 7.3 15.0 2.03
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concentration evaluated at temperature of 25 °C and adsorbent/adsorbate ratio of 
10:1. Figure 13.4 shows the correlation between the porous and chemical properties 
of the materials and the ability to remove uranyl ions. According to the results, the 
mesoporous volume and the surface chemistry of the materials, measured through 
the pHIEP and the heteroatoms (HETAM) content, are fundamental during the 
adsorption phenomenon (a high Pearson correlation coefficient (PCC) > 0.80), The 
macro- and microporous properties seem to have no relation with (PCC < 0.50) the 
adsorptive capacity of the materials on the uranyl ions.

In the present study, the correlation between the microporous volume and the 
adsorptive capacity of the materials seems not to be clear. However, the mesoporous 
carbons with the lowest number of heteroatoms (P + O), represented by a higher 
value for pHIEP, were more efficient in the adsorption of uranyl. According to previ-
ous reports, uranyl chemical species at pH 6.3 are solvated with hydroxyl groups 
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Fig. 13.4  Correlation between porous texture and chemical properties of materials and the ability 
to remove uranyl ions (R%)

13  Removal of Uranium from Flowback Water of Hydraulic Fracturing Processes…



438

associated with water molecules through ion-ion and ion-dipole interactions form-
ing species like UO2(OH)+, (UO2)2(OH)2

2+, and (UO2)3(OH)5+ [34]; when the size 
and shape of a uranyl solvated with a single layer of water molecules are considered, 
as can be seen in Fig. 13.5, the inability of the complex to deposit correctly in the 
micropores (size <2  nm) is highlighted, unlike the narrow mesopores (slightly 
higher than 2 nm) that allow a better spatial accommodation of the hydrated uranyl.

On the other hand, less acidic surfaces, with higher pHIEP, benefited to a greater 
extent the uranyl  – surface interaction. The high  affinity between the adsorptive 
couple, Uranyl – AC, and Uranyl-AC-N, compared to the others materials it is due 
to a lower repulsive force between the highly electronegative zones of the complex 
attributed to the presence of oxygen atoms and the surface of the carbons AC and 
AC-N, less negative (higher pHIEP). Materials such as AC-P and AC-NP are charac-
terized by a more significant number of phosphoryl and phosphate groups (hetero-
atoms (P + O), as can be seen in Table 13.2) that will eventually establish higher 
repulsive interactions with the uranyl group oxygen and decrease the adsorptive 
capacity of acid materials. Therefore, the most promising materials, AC and AC-N, 
were used for the adsorption efficiency tests.

13.3.3  �Effect of Adsorbent/Adsorbate Ratio on the Adsorption 
Efficiency of Uranyl

Figure 13.6 shows the experimental isotherms for uranyl adsorption onto AC and 
AC-N materials with the BET model fit at 298 K using different absorbent/adsor-
bate ratios. The adsorption isotherms for all scenarios have type III behavior accord-
ing to the IUPAC classification [26]; in this type of isotherm, the adsorbate has a 
similar affinity for the adsorbent as for itself. The monolayer acts as a free site for 
another molecule to adsorb, and so on [25]; this leads to an uneven coating, with 

Fig. 13.5  Ellipsoid shape and mean size of a hydrated uranyl cation molecule with a single layer 
of water (five molecules) using dynamic
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free zones, other covered with monolayer, and parts covered with multilayer. These 
results agree with the report by other authors [15, 35].

There are no statistical differences between AC and AC-N during the uranyl 
adsorption. Moreover, as can be seen in Fig. 13.6, the isotherms showed a different 
amount of adsorbed according to the ratio adsorbate/adsorbent employed. The 
upper isotherm corresponds to 5:1, the middle isotherm to 10:1, and the lower iso-
therm to 20:1 adsorbent/adsorbate ratio, and the adsorbed amount decreases in the 
order 5:1 ratio > 10:1 ratio > 20:1 ratio in the entire range of equilibrium concentra-
tion (CE). These findings are supported by the values of BET model parameters 
listed in Table 13.3, where qmax decreases as the value of the ratio increases. Besides, 
KL y KS values followed a similar tendency of qmax, indicating that the adsorption 
affinity increases, and the multilayer adsorption greatly affected as the ratio adsor-
bate/adsorbent decreases for the two samples evaluated. As shown in Table 3, the 
BET model described well the experimental results of the adsorption isotherms 
according to the values of R2. Lower KS values related with increased ratio 

Fig. 13.6  Uranium-isotherms at 25 °C and different adsorbent/adsorbate ratio using activated car-
bon without functionalization (AC)  5:1,  10:1,  20:1 and activated carbon functionalized with 
melamine (AC-N)  5:1,  10:1, and  20:1

Table 13.3  Estimated BET model parameters for uranyl adsorption isotherms over activated 
carbon without functionalization (AC) and activated carbon functionalized with melamine (AC-N) 
using different adsorbent/adsorbate ratio

AC AC-N

R
KL

L/mg
Ks

L/mg
qmax

mg/g R2 R
KL

L/mg
Ks

L/mg
qmax

mg/g R2

5:1 0.35 0.14 200.8 0.97 5:1 0.53 0.06 200.58 0.98
10:1 0.18 0.07 58.2 0.99 10:1 0.18 0.05 55.64 0.99
20:1 0.09 0.04 54.9 0.99 20:1 0.15 0.02 51.14 0.99

13  Removal of Uranium from Flowback Water of Hydraulic Fracturing Processes…



440

adsorbate/adsorbent also indicate that adsorption is less stable and the uranyl mol-
ecules may be adsorbed perpendicularly to the carbon surface [22, 35, 36].

In this instance, the results can be attributed to the decrease of the available 
active sites for adsorption by mass units caused by increasing the carbon dosage, 
which consequently influences the interactions between the materials and uranyl. 
This condition improves carbon-carbon interaction and hence the diminution of the 
accessible active sites for adsorption. Therefore, this decreases the possibility of 
uranyl contacting the carbon surface. Similar results were published by Garcia et al. 
[35]. They assessed the adsorption of azo-dye Orange II over iron-benzene-
tricarboxylate and observed a reduction in the amount adsorbed with the increase of 
the quantity of the adsorbent. Also, some authors like Guzman et al. [15] also found 
similar results when determining that the rise in the concentration of nanoparticles 
decreased the adsorbed amount of asphaltenes of them. In both studies, the results 
are attributed to the particle aggregation of adsorbent as a result of high adsorbent 
mass and the reduction of available porous sites. Finally, is important to remark that 
qmax is mainly determined by the availability of sites on the materials, which 
decreases as amount of material increases.

13.3.4  �Effect of Salinity on Adsorption Efficiency of Uranyl

When evaluating the impact of salinity on adsorption efficiency using AC and 
AC-N, 100% removal was evidenced at concentrations of uranyl between 50 and 
1000 mg/L using saline concentrations of 1%, 3%, and 5% w/v, showing a higher 
performance in comparison with the non-saline system (uranyl removals between 
56% and 97%). It appears that the presence of 1–5% w/v of saline concentration is 
enough to promote the total removal of uranyl, even when it is found at levels as 
diverse as 50 mg/L and 1000 mg/L. When AC and AC-N are at higher pHs than their 
pHIEP, negative sites on the material surfaces are favored. Thus, the probability of 
adsorbate-adsorbent encounter is reduced due to the high electronegativity of the 
uranyl molecules. The presence of ions in solution from the salt, especially the cat-
ions (M+), forms a bridge between the adsorptive pair establishing material 
(anion) – salt (cation) – uranyl (- dipole) interactions [37, 38].

13.3.5  �Reuse Process of Activated Carbons

Reuse tests are useful to define the half-life time of absorbent materials. In the pres-
ent study, 30 cycles of desorption-re-adsorption of uranyl on AC and AC-N materi-
als were performed. The asequible sites of the carbons were restored by washing 
with 0.1 M NaOH, followed by de-ionized water and the subsequent sorption cycle. 
Thirty adsorption-desorption cycles were completed, and the adsorption power of 
AC and AC-N was found to be closely analogous during the 25th cycles. For the 
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AC-N, there is a decline by 15% in the 30th cycle, which can be due to the degrada-
tion of functionalizing agent. Meanwhile, the AC sample keeps constant during the 
30 cycles evaluated. In addition, the results showed that desorption at basic pH is 
desirable for AC and AC-N recovery. These outcomes indicate that the activated 
carbons have a small affinity, rapidly saturable for some or all NaOH-modified ura-
nyl species including uranyl hydroxide in the monomeric form UO2(OH)2 and in the 
dimeric (UO2)2(OH)4 [34]. At pH 13, the AC and AC-N have a negative surface 
charge, and uranyl also tends to occur as an anionic species, for example, UO2(OH)2 
and (UO2)2(OH)4. This is an electrostatically unfavorable condition for the adsorp-
tion, which also can explain the decrease in the uranium adsorption on AC-N at 
pH 13 after 25 cycles. Currently, there is no knowledge of studies that report on the 
removal of uranyl species in fracturing waters; close research was done by Dutta 
et al. [34]; however, the assays were limited to interpreting the adsorptive phenom-
ena in an aqueous medium; in that case, 93% or 186 mg/g removals of uranyl ions 
in the absence of salts at pH 6.0 were achieved. In comparison, in the present work, 
removals of 100% or 500 mg/g of uranyl ions at pH 6.3 and ranges of salinities 
between 0% and 5% were reached, which is one of the greatest adsorption efficacies 
described so far.

13.4  �Conclusion

A new adsorbent made of activated carbon has been developed for fast and efficient 
adsorptive removal of uranyl ions at pH 6.3 as a proposal for water treatment in 
hydraulic fracturing processes. The results advised that the carbons with narrow 
mesoporosity and the highest value of pHIEP were most efficient in the adsorption of 
uranyl, specifically AC and AC-N. The strong affinity is due to a lower repulsive 
force between the adsorptive couple added to the presence of narrow mesoporosity 
that allows the accommodation of hydrated uranyl species. On the other hand, the 
parameters of the BET model showed that the amount adsorbed decreases as the 
adsorbent/adsorbate ratio increases as a consequence of the reduction of available 
active sites for adsorption by mass unit, caused by increasing the carbon dosage and 
the aggregation of the primary particles of the material as previously reported. The 
BET adsorption isotherm suggested a maximum adsorption capacity (removal of 
%100) of 500 mg/g in 4 h, using a 5:1 of adsorbent/adsorbate ration and saline con-
centrations between 0% and 5% w/v which is a result not previously achieved since 
there is no knowledge of the removal of uranyl species from water used in hydraulic 
fracturing processes.

The sustainability of AC and AC-N has been demonstrated by showing the regen-
eration and reusability for 30 cycles. It is essential to highlight that the water used 
in hydraulic fracturing processes reports salinities and pHs in the ranges selected for 
the current investigation so that it can be concluded that AC and AC-N materials 
have tremendous potential for efficient uranium de-contamination of these waters. 
In future work, slight variations in pH could be considered on the removal capacity 
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of the investigated materials. Finally, it is presumed that the majority of NORM is 
found in anionic form, product of the combined action between the salts of the for-
mation and the pH; therefore it would be correct to predict that the developed mate-
rials will be effective for the removal of other radioactive such as thorium and 
potassium.
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