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ARTICLE INFO ABSTRACT

Keywords: The recovery of urea, present in the urine of mammals, has the potential of converting a current wastewater

Adsorption mechanism pollutant into an energy source due to its high hydrogen content, in alignment with the waste-to-energy prin-

grga ciples. Carbon-based materials enable this approach due to their relatively high urea adsorption capacities. This
rine

work reveals that the adsorption of urea from aqueous solutions on activated carbon is a combination of weak
van der Waals interactions such hydrogen bonds with the aromatic structure of the pristine carbon surface and
also with carboxyl groups on the functionalised carbon, showing no appreciable interaction with hydroxyl or
lactone groups. The selective introduction and quantification of different oxygen functional groups on activated
carbon reveals their independent effect on the urea adsorption capacity, bringing an end to previous discrep-
ancies in the literature. It also demonstrates that the optimisation of carbon materials must balance the increase
of carboxyl groups and the decrease of the surface area associated to functionalisation treatments, providing

Activated carbon
Circular economy

guidance for future developments of carbon-based materials for circular economy applications.

1. Introduction

Nitrogen is a common pollutant found in urban wastewater that must
be removed to avoid eutrophication of water bodies and comply with
regulations [1,2]. However, around 80 % of the nitrogen present in
urban wastewater comes from the urea ((NH2)>CO) present in human
urine [3], which is a hydrogen rich compound (6.7 wt%) and hence it
can be potentially recovered and used as a source of green energy. To
facilitate urea recovery from urine, new decentralized wastewater
treatment systems must be deployed to treat the urine directly at the
production source, where the urea concentration is maximum (20,000
mg L) [4-6].

In a recent work, we demonstrated a waste-to-energy strategy where
urea is recovered from undiluted urine in decentralized systems to
efficiently produce hydrogen as energy carrier to be used in novel energy
production methods. For this purpose, a three-steps process was devel-
oped, which consisted of i) recovery of urea from urine by adsorption on
activated carbon (AC), ii) thermal regeneration of AC and simultaneous
decomposition of urea into ammonia, and iii) catalytic decomposition of
ammonia to produce hydrogen [7].

In this context, the development of adsorption processes has the
potential to selectively recover urea or other valuable compounds from
wastewater streams such as urine [8-10]. However, the mechanism of
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adsorption of urea is not well understood, showing discrepancies be-
tween different studies regarding the effect of different functional
groups present in AC. Hydroxyl groups are generally associated with
urea adsorption on different materials such as chitosan [11] and mes-
oporous silica [12]. However, hydroxyl groups have also been reported
to repulse urea [13]. Some researchers suggest that carboxyl groups
have high affinity for urea adsorption, as they can form hydrogen bonds
with the amino groups from urea [13]. Other studies claim that urea
adsorption takes place through hydrogen bonding of urea with carbonyl
groups [13,14], but it is known that urea form chemical bonds with
carbonyl groups rather than hydrogen bonds [15]. In conclusion, it is
generally accepted that oxygen functional groups on the surface of
different adsorbents play an important role on the adsorption of urea.
However, there is no consensus on the nature of the functional groups
responsible for the adsorption. In addition, there is a lack of quantifi-
cation of urea adsorption effect of different functional groups on the
surface of AC.

In this work, commercial AC is functionalised to introduce different
concentrations of hydroxyl, lactone and carboxyl groups on its surface.
Adsorption of urea from aqueous solutions is a combination of weak van
der Waals interactions such hydrogen bonds with aromatic structure of
the pristine AC surface and with carboxyl groups on the functionalised
AC, showing no appreciable interaction with hydroxyl or lactone groups.
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Functionalisation of AC is normally associated to a decrease in its surface
area, being important to balance it with the introduction of carboxyl
groups to maximise urea adsorption capacity.

2. Experimental section
2.1. Functionalisation of activated carbon

Commercial AC with particle size of 50 pm (Supelco) was function-
alised using three different oxidising agents, HNO3 (70 %, Fisher Sci-
entific), HoSO4 (98 %, Fisher Scientific), and KMnO4 (98 %, Acros
Organics). Solutions of the three oxidising agents at different concen-
trations (0.2-12 M) were prepared using ultra-high-purified 18.2 MQ cm
Milli-Q water. For the functionalisation process, 10 g of AC were placed
in 150 ml of the oxidising agent at certain concentration and the sus-
pension was stirred at different temperatures (60-100 °C) for 3 h under
reflux. After functionalisation, the material was filtered and rinsed with
distilled water to eliminate the excess acid. The material (10 g) was
washed with portions of 200 mL of Milli-Q water up to 10 L, checking
that the final pH was constant (4-6). The resulting solid was dried
overnight at 80 °C under vacuum.

2.2. Quantification of functional groups

The Boehm titration method was used to quantify the concentration
of hydroxyl, lactone and carboxyl groups on commercial and function-
alised AC. For this quantification, three portions of 0.5 g of each ana-
lysed material were added to 25 mL of NaOH, Na;CO3 and NaHCO3 0.1
M, respectively. The suspensions were magnetically stirred for 24 h and
then filtered to remove the AC and aliquots of 10 mL were taken. Each
solution was acidified adding 20 mL of HCl 0.1 M except the solution of
NayCOsg, in which 30 mL were used as it is a diprotic base. The samples
were degassed to remove CO5 by bubbling N, for 2 h, following standard
recommendations [16]. The solutions were then back-titrated with
NaOH 0.1 M using phenolphthalein (indicator, reagent grade, Sigma
Aldrich) as endpoint indicator. Solutions were prepared using NaOH
(>98 %, Sigma Aldrich), NaHCO3 (>99.5 %, Sigma Aldrich), NayCOs3
(>99.5 %, Sigma Aldrich), HCl (1 M, Fisher Scientific) and
ultra-high-purified 18.2 MQ cm Milli-Q water.

The concentrations of hydroxyl, lactone and carboxyl groups were
then calculated assuming that NaHCO3 neutralises only carboxyl groups,
NayCOs neutralises carboxyl and lactone groups and NaOH neutralises
carboxyl, lactone and hydroxyl groups. Total acid groups were calcu-
lated as the sum of hydroxyl, lactone and carboxyl groups. Quantifica-
tion experiments were carried out in triplicate and the error is the
standard deviation of the three experiments.

2.3. Porosity characterisation

Ny adsorption/desorption analyses were conducted in a Micro-
meritics ASAP 2020 apparatus whereby ~100 mg of sample was
degassed by heating to 110 °C under ultra-high vacuum before the
analysis at 77 K. The surface area was calculated according to the Bru-
nauer, Emmett and Teller (BET) method.

2.4. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra of carbon
materials were acquired in a wavenumber range of 4000-1000 cm ! at
room temperature, using a Perkin Elmer FTIR/NIR Frontier spectro-
photometer with a zinc selenide crystal equipped with an attenuated
total reflectance sampling technique.

2.5. Raman spectroscopy

Raman measurements were performed with a confocal Raman
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microscope (Renishaw inVia) with a 5x objective lens. A 633 nm exci-
tation source was used with the power set at 10 % to minimise sample
damage. For spectra collection, the grating was fixed to 1800 lines

mm
2.6. Zeta potential

Zeta potential measurements were recorded on a Malvern Zetasizer
Nano ZS instrument equipped with a 633 nm laser. Colloidal suspensions
of carbon materials with a concentration of 0.1 mg mL ™! were placed in
a DTS1070 folded capillary zeta cell for analysis. Three measurements
were recorded per samples and the average zeta potential is reported.

2.7. Adsorption experiments

Experiments of urea adsorption were carried out in batch. Urea so-
lutions were prepared using urea (ACS reagent 99.0-100.5 %, Sigma
Aldrich) and ultra-high-purified 18.2 MQ cm Milli-Q water. The exper-
iments were done in vials placed inside a heating block at a constant
temperature (30 °C, unless otherwise stated). A given amount of the
analysed material was added to an aqueous solution of known concen-
tration of urea under magnetic stirring. After 1 h, to ensure equilibrium
is reached, the supernatant was collected by filtration and analysed to
determine urea concentration. In the kinetic evaluation, samples were
taken at different times from 30 s to 60 min. Unless elsewhere stated, the
adsorbent dosage was 40 g L ™! and the initial concentration of urea was
set at 450 mg L.

The concentration of urea in solution was determined using a
colorimetric method [17]. 0.5 ml of a colour reagent solution containing
4 % w/v p-dimethylaminobenzaldehyde (99 %, Sigma Aldrich) and 4 %
v/v sulphuric acid (98 %, Fisher Scientific) in absolute ethanol were
added to 2 ml of the urea problem solution. The mixture was stabilized
for 30 min and then the absorbance was measured in a spectropho-
tometer at 430 nm using a blank solution containing 0.5 ml of colour
reagent solution and 2 ml of ultra-high-purified 18.2 MQ cm Milli-Q
water.

The amount of urea adsorbed was determined using Eq. (1),
assuming that the decrease in the concentration of urea is only due to
adsorption.

(CO - Cf) \%4
q= — Eq. 1
where q (mg g™!) is the amount of urea adsorbed normalised by the
adsorbent mass (when equilibrium is reached, it is named as adsorption
capacity (qe)), Co and Cf (mg L) are the initial and the final concen-
tration of urea in solution respectively, V (mL) is the volume of the so-
lution and m (g) is the mass of adsorbent. When the adsorption capacity
is normalised over surface area (Eq. (2)) it is named surface area-
adsorption capacity (qes)-

qe

= Eq. 2
surface area 4

Qes
All the adsorption experiments were carried out in triplicate and the
error is the standard deviation of the three experiments.

2.8. Experimental data fitting

The isotherm data were fit to the Langmuir (Eq. (3)) and Freundlich
(Eq. (4)) models to elucidate the mechanism of adsorption [18].
Non-linear fitting was used, so the quality of the fitting was evaluated
using the Root Mean Square Error normalised over the range of capac-
ities of each set of experimental data (NRMSE), so they are all compa-
rable (Eq. (5)).

KLCe

Qe=Admy—"—7 ~

Eq. 3
1+K,C, 9
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ge =KpC.™ Eq. 4

n
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NRMSE=+—" Eq. 5
max — qmin

Where qm (mg g~ 1) is the monolayer capacity, K. (L mg™") and Ky (mg
g~ (mg L™H™) are the equilibrium constant of Langmuir and Freund-
lich models respectively, ng is the heterogeneity factor and n is the
number of experimental data.

Thermodynamic parameters are estimated using Eq. (6) and Eq. (7).
AG)

ads

0 0
= AH%, — TAS

ads

Eq. 6

AGY, = — RTIn(Kugs) Eq. 7
Where Angs, AHgds and Asgds are the adsorption Gibbs Free Energy,
enthalpy and entropy, respectively, R is the ideal gases constant, T is the
adsorption temperature and Kqs is the adsorption equilibrium constant.

3. Results and discussion

Commercial AC was functionalised using different oxidising agents
to introduce a range of oxygen functional groups on its surface to
investigate their independent effect on the urea adsorption capacity.
Three different oxidising agents with different concentrations were used
to functionalise the AC: nitric acid (1 M, 4 M, 8 M and 12 M); sulphuric
acid (1 M, 4 M, 8 M and 12 M); and potassium permanganate (0.2 M).
Results of the adsorption capacity (qe), surface area-adsorption capacity
(Qes), surface area and concentration of functional groups (hydroxyl,
lactone, carboxyl and total) are summarised in Table 1.

Commercial AC presents a low concentration of functional groups,
with just ~0.2 mmol g~ ! of hydroxyl groups. However, commercial AC
presents a significant surface area-adsorption capacity of urea of 1.9 mg
m~2. This confirms that urea adsorbs on the pristine surface of AC
through weak interactions such as Van de Waals or hydrogen bonding,
presumably between urea and the delocalised n electrons from the ar-
omatic structure of the carbon [19,20]. This highlights the importance
of the AC surface area on the urea adsorption capacity.

Different oxidising agents (nitric acid, sulphuric acid and potassium
permanganate) were used to introduce different functional acid groups
on the AC surface. As shown in Table 1, the concentration of functional
groups generally increases during the oxidising treatment with several
factors such the oxidant strength, oxidation temperature and oxidation
playing a role on the resulting concentration. The oxidation of the AC
surface is known to start on the aliphatic carbons at the edge of the
surface or at carbon defects, to follow a sequential oxidation reaction

Table 1
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with the initial formation of hydroxyl group, followed by lactone and
finally carboxyl groups as depicted in Fig. 1 [21,22].

Acid functionalisation treatment decreases the surface area of the
initial commercial AC [23,24]. The surface area decrease might be
attributed to a widening in the microporisity, as can be observed in the
reduction of the micropore volume together with the surface area
reduction (Table S1) [23,24]. It is important to take this factor into
consideration during the evaluation of the adsorption capacity and for
this reason, surface area-normalised values (qes) are reported in this
study.

Fig. 2 shows a clear correlation between the concentration of total
acid functional groups and the urea adsorption capacity (qes) of the
different AC. The surface area-adsorption capacity increases from
1.9-10"% mg m~2 on the commercial AC up to 2.9-10 % mg m 2 in the
case of the AC treated with nitric acid 12 M. This represents an increase
of 50 %, indicating that the adsorption on the pristine AC surface
dominates, accounting for ~75 % of the urea adsorbed in this case and it
is even higher at lower levels of functionalisation. This observation
agrees with the fact that correlation in Fig. 2 does not pass through the
origin but shows a y-axis intercept of 1.8-10~> mg m ™2, which represents
the extension of adsorption associated to the pristine surface area of the
AC rather than to acid functional groups.

As different oxidising agents, concentrations and temperatures lead
to different functionalised AC, the data in Table 1 reveals fundamental
information about the effect of the nature of the functional groups on the
urea adsorption capacity. Increasing the concentration of nitric acid
during functionalisation results on an increase in the concentration of
lactone and carboxyl groups [25,26]. There is also an increase in the
concentration hydroxyl groups, although no clear trend is observed with
respect to the nitric acid concentration. Nitric acid is generally accepted
as the best wet oxidant for introducing oxygen functional groups on AC
[22,27]. Nitric acid treatment also reduces the AC surface area, more
significantly with increasing concentration. Despite this, the urea sur-
face area-adsorption capacity clearly increases as the total acid group
concentration increases, demonstrating the importance of carboxyl
and/or lactone groups, rather than hydroxyl ones in the urea adsorption
capacity. These results are in good agreement with the interaction of
urea with functional groups in proteins, where the hydrogen bonding of
carboxylic oxygen with urea is stronger than hydrogen bonding with
hydroxyl groups [19].

Treatment of AC with potassium permanganate results on a mini-
mum concentration of carboxyl groups close to zero, similar to the
commercial AC. However, the concentration of hydroxyl, and specially
lactone, groups increase significantly. Although potassium permanga-
nate is a strong oxidiser, the low concentration (0.2 M) used in this
treatment might to be responsible of the partial oxidation of the AC, not
achieving the formation of carboxyl groups as it happens with nitric and

Quantification of functional groups of AC before and after functionalisation process and their adsorption capacities.

Treatment Qe (mgg™))  Surface area (m®g™!)  qes (mgm™2)  Hydroxyl (nmol g71)  Lactone (mmol g7')  Carboxyl (mmol g')  Total acid (mmol g~1)
Commercial 1.8 +0.1 940 1.9 +0.2 0.17 0.01 0.05 0.23
HNO; 1 M — 60 °C 1.7 £0.1 890 1.9+0.2 0.30 0.01 0.20 0.51
HNO3; 1 M 2.2+0.1 890 25+0.1 0.46 0.16 0.44 1.06
HNO3; 4 M 2.1+0.1 863 2.5+0.2 0.36 0.49 0.54 1.39
HNO3; 8 M 2.2+0.1 785 2.8+0.1 0.56 0.54 0.69 1.79
HNO3;1M —-100°C 21 +0.1 850 25+0.2 0.90 0.34 0.70 1.94
HNO3; 12 M 23+0.1 798 29+ 0.2 0.38 0.64 1.02 2.04
HyS04 1M 1.8 +0.3 934 2.0+£0.3 0.06 0.14 0.10 0.30
H,S04 4 M 1.8+0.1 948 1.9+0.2 0.06 0.29 0.10 0.45
H,S04 8 M 1.8+0.2 921 2.0+0.2 0.11 0.29 0.10 0.50
HyS04 12 M 1.8 +0.1 796 2.3+0.2 0.06 0.34 0.15 0.55
KMnO,4 0.2 M 1.5+0.3 705 2.1+0.4 0.36 0.37 0.01 0.74

Experimental conditions during functionalisation: AC mass: 10 g, oxidiser volume: 150 mL, T = 80 °C (unless specifically stated differently) under reflux, t = 3 h.

Functional groups concentration error:+ 0.1 mmol g’l.

Experimental conditions during adsorption experiments: Co = 450 mg L™}, T = 30 °C, t = 1 h, adsorbent dosage: 40 g L™ 1.
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Fig. 1. Sequence of the oxidation reaction of the AC surface during functionalisation [21,22].
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Fig. 2. Correlation between the surface area normalised adsorption capacity
and the concentration of total acid functional groups of the AC.

sulphuric acids [28]. However, the treatment with potassium perman-
ganate is the most aggressive in terms of surface area reduction. As
surface area-adsorption capacity does not show a significant change
between commercial and KMnOjy-treated AC, it can be inferred that
lactone groups do not play a significant role on the adsorption of urea.
As a result, it can be concluded that carboxyl groups are the most active
from the three acid groups evaluated towards adsorption of urea.

Finally, as can be observed in Table 1, treatment of AC with sulphuric
acid introduces a lower amount of functional groups — mainly lactone —
than nitric acid or potassium permanganate [29]. The surface
area-adsorption capacity does not significantly change with increasing
concentration of sulphuric acid during the treatment despite the in-
crease on the lactone groups, supporting the fact that lactone groups
show low affinity towards urea.

FTIR spectra of commercial and functionalised activated carbon
materials show very little differences (Fig. S3. A), expected due to the
low concentration of functional groups as quantified in Table 1. At 1600
cm ™, a peak appears in the functionalised materials which is attributed
to the C=0 stretching vibration caused by the increase in the lactone
and carboxyl groups [30].

Raman spectra of the activated carbon materials show two bands at
1350 (D band) and 1590 cm ! (G band) (Fig. S3. B). The first peak
corresponds to the vibrations of the sp>-bonded carbon atoms of defects
and disorder, while the latter is attributed to the sp?-bonded carbon
atoms in a hexagonal graphitic ring [31]. The D/G intensity ratio in-
creases with the functionalisation of the activated carbon, especially for
the material treated with KMnOy4. This implies an increase in the
amorphous degree of the activated carbon after the treatment [32].

The zeta potential of the functionalised activated carbon materials
(Fig. S4) show negative values due to their negatively charged surface
associated to the delocalised n electrons and oxygen, especially
carboxyl, functional groups [33].

Furthermore, the effect of the functionalisation temperature was
evaluated between 60 and 100 °C for the treatment of AC with acid nitric
(1 M). Increasing temperatures led to a higher presence of the three
types of functional groups (Table 1). However, the surface area de-
creases more significantly with increasing temperature, which over-
comes the positive effect of the functional groups. Therefore, out of the
treatments evaluated, the AC functionalised with HNO3 1 M at 80 °C is
found to be optimum for urea adsorption, balancing the introduction of
carboxyl groups and the reduction of the surface area.

The adsorption mechanism of urea onto AC is a combination of weak
van der Waals interactions, such hydrogen bonding, between the amino
groups of urea with i) delocalised = electrons of the aromatic structure of
the AC and ii) carboxyl groups. The adsorption mechanism is repre-
sented in Fig. 3. Urea has a dipole moment of 4.5 D [34] while water just
have 1.8 D [35]. The higher polarity may explain the preferential
adsorption of urea in high electron density sites, such as n electrons of
aromatic carbon rings and carboxyl groups (which present a resonant
structure of the double bond). This fundamental understanding provides
guidelines for the development of new materials with enhanced urea
adsorption capacity.

To get further information about the adsorption of urea on the sur-
face of AC and the carboxyl groups, commercial and functionalised AC
(HNO3 1 M 80 °C) were compared. Fig. 4 shows the adsorption iso-
therms at 30, 45 and 60 °C using both materials.

In both materials, the adsorption capacity for a given equilibrium
concentration increases as the temperature decreases, which confirms
the overall exothermic nature of adsorption processes [36]. Both com-
mercial and functionalised AC show a linear relationship between the
amount of urea adsorbed (q.) and the concentration of urea in the so-
lution (Ce) under equilibrium conditions at low concentration values.
This relationship plateaus slightly at higher concentrations and,
although the amount of urea adsorbed is higher in the latter case, full
saturation is not achieved in any materials. This suggests a low affinity
between urea and AC, which could be related to the similar molecular
properties of water and urea and the difficulty to separate them [37].
Isotherm data are fitted to Langmuir and Freundlich models (Eq. (4) and
Eq. (5)) to evaluate if the adsorption occurs in a monolayer or in
multilayer. The fitting parameters and the NRMSE are summarised in
Table 2.

The Langmuir model assumes monolayer adsorption while Freund-
lich model considers that adsorption can happen on multilayers [36]. As
can be observed in Table 2, both models show similar fittings, with
comparable NRMSE values and ng values < 1 which confirms that the
adsorption of urea on activated carbon takes place in a monolayer for the
range of urea concentrations studied [7]. The values of the monolayer
capacity qn, are higher for the functionalised AC than for the commer-
cial one, confirming the higher adsorption performance of the carboxyl
groups compared to AC surface itself. As previously found [7], the
adsorption capacity of the activated carbons studied in this work is in the
low range of previous carbon-based materials previously reported in the
literature, with capacities ranging between 1.1 and 877.9 mg g !
(Table S 2), being difficult to identify the reasons behind the differences
[8,13,14,38-40].

Thermodynamic parameters are calculated using Eq. (6) and Eq. (7).
For uncharged adsorbates as urea, the equilibrium constant of adsorp-
tion (Kags) can be reasonably approximated by the Langmuir equilibrium
constant (Kp) [41] and used in Eq. (6) to obtain the Gibbs Free Energy at
each studied temperature (Table 3). As expected, all Gibbs Free Energies
present negative values, as the adsorption is a spontaneous process
under tests conditions. As the Langmuir equilibrium constant is higher
for the commercial AC, higher Gibbs free energy values are obtained in
the functionalised AC, with no particular physical meaning. A linear
fitting of the Gibbs Free Energy values against temperature provides the
enthalpy and entropy of adsorption values according to Eq. (7). The
fitting is shown in Fig. 5 and the results ae summarised in Table 3.

As can be observed in Table 3, the enthalpy and entropy values of
urea adsorption are similar for the commercial and functionalised AC as
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Fig. 3. Scheme of the adsorption mechanism of urea onto AC.
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Fig. 4. Isotherm experimental data and Langmuir and Freundlich fittings for adsorption of urea onto activated carbon at different temperatures. A: Commercial

activated carbon. B: Functionalised activated carbon (HNO3 1 M 80 °C).

Table 2
Langmuir fitting parameters for the isotherms of adsorption of urea onto com-
mercial and functionalised AC.

Parameter Commercial AC Functionalised AC

30°C 45°C 60°C 30°C 45°C 60°C
Langmuir
Qm (mg g™H) 62 64 61 98 110 109
K. (L mg~1)-10° 10.5 6.2 4.4 6.5 4.5 2.8
NRMSE 0.062 0.050 0.024 0.036 0.072 0.049
Freundlich
Ky (mg g~ (mg L™H™) 0.370 0.044 0.009 0.094 0.030 0.004
ngp 0.47 0.68 0.83 0.65 0.76 0.95
NRMSE 0.123 0.064 0.025 0.047 0.089 0.063

Functionalisation conditions: HNO3; 1 M 80 °C.

expected due to the similar interactions of urea with the AC surface and
the carboxyl groups as discussed above. Enthalpies values are negative,
due to the exothermicity of the adsorption process, favoured at low
temperatures, in agreement with the isotherm data abovementioned.
Their low values (<50 kJ/mol) indicates that the process is driven by
physisorption mechanism [36], as expected by weak van der Waals in-
teractions such hydrogen bonds. The entropy values are also negative,
meaning that the adsorption process involves a decrease in the degrees

of freedom of the system as a result of the immobilization of the
adsorbate on the surface of the adsorbent [36].

Regarding adsorption kinetics, despite the differences between the
commercial and functionalised AC, urea adsorption is extremely fast in
both materials, reaching equilibrium within the first sampling interval
of 30 s (Fig. 6). More time resolution would be necessary for extracting
conclusions on the limiting step. In previous works, using activated AC
in the form of pellets of 0.8 mm particle size, it was determined that
intraparticle diffusion (internal mass transfer) was the limiting step [7],
which may not be possible to observe in this case due to the very small
granulometry of the AC used in this work (50 pm) which significantly
reduces the internal mass transfer resistance. This fast kinetic process
has important positive implications for the deployment of these mate-
rials in full-scale adsorption systems. In addition, the weak interactions
of urea with the AC surface and carboxylic groups suggest that the AC
might be easily regenerated. Our previous work with commercial acti-
vated carbon showed that a thermal treatment was efficient for the
regeneration of the material, and its use on consecutive adsorption/-
desorption cycles which can be now correlated with weak physical
adsorption [7].

4. Conclusions

In this paper, we demonstrate the relationship between the nature of
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Langmuir equilibrium constant and Gibbs Free Energy for adsorption isotherm at different temperatures.

Commercial AC

Functionalised AC

T(Q) Ky AG® AHP AS° Ky, AG® AH° AS®
(Lmol™H (kJ mol™ 1) (kJ mol™) J mol™ ) (Lmol™H (kJ mol™) (kJ mol ™) (J mol™)
30 6.3 ~4.6 —24.2 —-64.9 3.9 -3.4 -23.1 —-64.8
45 3.7 -35 2.7 2.6
60 2.6 2.7 1.7 -1.5
0 capacity which should aim to maximise their surface area and concen-
. tration of hydroxyl groups. Despite the potential of carbon-based ma-
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Fig. 5. Gibbs Free Energy against temperature for adsorption of urea onto
commercial and functionalised (HNO3 1 M 80 °C) AC.
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Fig. 6. Kinetic study of the adsorption of urea onto commercial and function-
alised (HNO3 1 M 80 °C) AC. Co = 450 mg L™!; Adsorbent dosage = 40 g L™}, T
= 30 °C.

oxygen containing functional groups in activated carbon and their effect
on the adsorption capacity of urea. For this, hydroxyl, lactone and
carboxyl groups are introduced and quantified on the surface of acti-
vated carbon using different oxidising agents: nitric acid, sulphuric acid
and potassium permanganate. The results show that pristine un-
functionalised activated carbon adsorbs urea through its hydrogen
bonding with delocalised n electrons of the carbon’s aromatic structure.
A similar mechanism of adsorption is observed in presence of carboxyl
groups, but not with hydroxyl or lactone groups. Surface area and sur-
face groups exert a significant impact on the adsorption capacity, which
must be balanced by means of maximising the presence of carboxyl
groups and avoiding the reduction of surface area. In addition, the
thermodynamic analysis suggests that urea adsorption on the materials
tested takes place in a monolayer driven by physisorption, with very
high adsorption rates. This work provides understanding to guide the
design of new adsorption materials with enhanced urea adsorption
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