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Abstract

Adsorption of Ni(ll) on low cost activated carbon (AC) from spent coffee (SAC) and coffee husk (HAC)
has been studied. Porous textures of adsorbents were characterized by N, and CO, sorption
measurements. Batch adsorption experiments were performed as a function of adsorbent dose, Ni(ll)-
concentration and pH. Adsorption of Ni(ll) was evaluated using different adsorption isotherm models
(Langmuir, Freundlich, Monolayer Model for Single-Compound Adsorption and Dubinin -
Radushkevich) and thermodynamics and kinetics parameters were determined. Both adsorbents show
high affinity for Ni(ll), however both the surface area and the pore size of the ACs do not seem to be the
determining factor in the adsorption process. These ACs are microporous in nature. In contrast, the higher
oxygen amount associated to the mineral matter as K»O and carbon functionalities corresponding with O—
H in HAC are determining for the Ni-ion adsorption process and multi-ion anchorage mechanism. In
addition, the exchange of potassium present in the ACs improves the Ni(ll) adsorption process.
Thermodynamics and kinetics evidence a fast and endothermic adsorption process. The maximum
adsorption capacity using the Langmuir isotherm model was found to be 57.14 mg/g and 51.91 mg/g for
HAC and SAC, respectively. The sorption efficiency was higher for HAC as adsorbent. At low
concentrations of Ni(ll) (30 mg/L) and higher temperatures (308-328 K), removals > 94% were measured
for HAC, achieving safe discharge concentration values.
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1. Introduction

Nowadays the increase of environmental problems and concerns, caused by contaminations with heavy
metals, have catalysed the search and development of technologies to treat polluted waters from different
industries: metallurgic plants, electroplating, alloys and battery manufacturing [1, 2]. Additionally, heavy
metal ions do not degrade, persist in the environment and tend to accumulate in living organisms. Due to
their toxicity, the treatment of wastewater contaminated with these metals is a priority concern [3, 4].

Current technologies for the treatment of wastewater include coagulation/flocculation, precipitation,
sedimentation or filtration, membrane processes, ion exchange, and adsorption using activated carbon
(AC) [5, 6]. However, the cost of these methods hinders their application [7]. Additionally, at low
concentration (1 - 100 mg/L) many of these treatments are rather cost-ineffective [8].



ACs are very effective in treating aqueous solutions containing low concentrations of metal ions [9-13].
Due to their high amount of micropores and mesopores, their large surface area [3], the variety of surface
functional groups interacting with the heavy metal ions and even the possibility to increase the adsorption
capacity by modifying with other functional groups or using additives [3, 14-16], these adsorbents are
interesting candidates for wastewater treatment.

The agro-wastes receive much more attention as a cheap source for the production of ACs; its cost-
effectiveness makes this alternative attractive particularly for small-scale industries [17-20]. Agricultural
waste for AC production is mainly coming from shell and stones of the fruits [21]. However, waste
resulting from the production of cereals like rice, coffee, maize and corn receives more and more
attention. The preparation of AC from waste materials using pyrolysis offers economic and environmental
advantages [22]. Several authors have produced ACs from coffee residues for the adsorption of organic
pollutants [23-28]. Nevertheless, their use in the removal of toxic heavy metals [29-31] has been less
studied. Also the contribution of ACs textural and chemical characteristics including mineral matter in the
adsorption mechanism needs to be further assessed.

Nickel is a toxic metal. Mineral processing of this element leaves high levels of nickel ions in the aquatic
environment [4]; around 45 mg/L is determined in the liquor waste from an acid leaching technology. In
addition, nickel salts are known to be carcinogenic. According to the World Health Organization (WHO)
general “safe” concentration values should be below 0.2 mg/L [32, 33].

The present research studies the adsorption of Ni(ll) from an aqueous solution with similar concentrations
to the liquor waste from an acid leaching technology, using a low cost activated carbon from spent coffee
(SAC) and coffee husk (HAC). Adsorbent doses and solution pH are evaluated using batch adsorption
tests. Langmuir, Freundlich, a Monolayer Model for Single-Compound Adsorption and Dubinin -
Radushkevich models are used to describe the adsorption process. Thermodynamic and Kinetic
parameters are also evaluated. The characterization of the adsorbent materials include: pH at the point of
zero charge (pHpezc), Boehm titration, BET analysis, elemental analysis, X-ray photoelectron
spectroscopy (XPS) and ATR-FTIR measurements, to understand surface properties and available
functional groups involved in the adsorption mechanism.

2. Materials and Methods
2.1. Chemicals

All reagents used were of analytical grade and purchased from Merck. Metal solutions were prepared by
dissolving NiSQ4-7H,0 in Milli-Q water to obtain a stock solution of 5000 mg/L. All other solutions
were prepared by diluting this stock solution. The pH of the solution was adjusted with 0.1 N NaOH or
0.1 N HCI solutions. The concentration of nickel ions was determined using an inductively coupled
plasma spectrophotometer (Perkin Elmer Optima 3000 DV ICP-AES device with an axial plasma
configuration).

2.2. Raw materials, preparation and characterization of adsorbents

Spent coffee and coffee husk were acquired from Jimma, Ethiopia. Activated carbons have been prepared
from the above materials. Samples were first pyrolyzed in an oxygen-free atmosphere (N-) in a lab-scale
reactor. For each experiment, a known amount of sample is introduced into the reactor. After the reactor
is sealed and placed under a stream of nitrogen (2 x 70 mL/min) the reactor is heated with a rate of
10°C/min to 500°C and then hold isothermal for 1 hour for a complete pyrolysis. The sample is
continuously kept in motion by an Archimedes screw in order to achieve a uniform heat distribution. The
reactor is heated up with a tailored heating mantle, and the temperature is checked using a thermocouple
located inside the reactor [34]. During the thermal treatment, the sample is subjected to a thermal
cracking and volatilization. The formed gases leave the reactor and are collected in a condensation unit.
The condensed fraction is pyrolytic oil. The formed biochar remains in the reactor and the non-
condensable gases leave the system. The biochar is activated in a second step.

For activation, the biochar was the introduced in a horizontal quartz reactor and fixed with two quartz
wool plugs. The biochar was heated up under a N, atmosphere to 800°C at 20°C/min. At 800°C the



atmosphere was switched from nitrogen to water vapour (10 mL) to complete the activation process for
30 min.

The pH at zero charge (pHrzc) and the amount of surface functional groups were determined by an acid-
base titration procedure. The procedure for the pHpzc determination is described elsewhere [35, 36]. In
brief, 50 mL of a 0.01 N NaCl solution was adjusted between pH 2 and 12 with the addition of a solution
of 0.01 N HCI or 0.01 N NaOH in different flasks. Then, 0.15 g of activated carbon sample was added to
each flask and the resulting solution was shaken for 48 h. The final pH was measured. The pHpzc value is
the point where the curve pHfinal Versus pHinitial Crosses the line pHinitial = pHfinal.

The number of total acidic or basic surface groups was determined according to the Boehm titration
method. The adsorbent (1.0 g) was added to 50 mL of the following solutions: NaOH (0.05 N),
Na,CO3 (0.05 N) and NaHCO3 (0.05 N). The flasks were sealed and shaken for 24 h. Subsequently,
10 mL of each filtrate was pipetted; excess of base or acid was titrated with HCI (0.05 N) to a pH of
around 7. The method is based on the theory that NaOH neutralizes carboxyl, lactone and phenolic
groups, Na>COs, carboxyl and lactone, while NaHCO3 only neutralizes carboxyl groups [37-39].

Porous texture analysis has been carried out by N2 and CO, adsorption at 77 and 273 K, respectively, in
an Autosorb iQ apparatus (Quantachrome Instruments). The samples were outgassed overnight at 300°C
before N adsorption and for 5 h at 300°C before CO; adsorption under high vacuum. The specific surface
area (Sger) was calculated from the N2 sorption isotherm data using the BET (Brunauer, Emmett and
Teller) method. The amount of nitrogen adsorbed at the relative pressure of p/pe=0.98 was used to
determine the total pore volume (Vr). The N2 isotherms in the p/po range from 0 to 0.96 reflect that the
adsorption takes place in the mesopores (pores with a width of 2-50 nm) and in the micropores larger than
0.7 nm. The micropore volume (Vornz) and the average micropore size (Lonz) Were estimated by
applying the Dubinin-Radushkevitch and Stoeckli equations to data collected at low pressures
(p/po<0.015) [40]. The Quenched-Solid Density Functional Theory (QSDFT) analysis [41] was applied to
the N2 adsorption isotherms to determine pore size distribution (PSD).

The CO; isotherms at 273 K and low relative pressure (p/po<0.1) are assumed to correspond to the
adsorption taking place in the narrow micropores in the range of 0.4-0.8 nm (ultramicropores). These
isotherms were used to calculate the ultramicropore volume (Vprcoz2) and ultramicropore size (Locoz) by
means of the Dubinin-Radushkevitch and Stoeckli equations, respectively [40]. Assuming the presence of
slit-shaped ultramicropores, the surface of their walls was determined from the following equation:
Scoz (M?/g)=2000 Vprcoa/Locoz [42]. The PSD was also calculated from the CO; isotherm data by
applying the Non-Local Density Functional Theory (NLDFT) [43] in order to characterize
ultramicropores.

The elemental analysis of C, H, N and S was performed using a Vario MICRO cube analyser, and the
oxygen content was directly measured using a Carlo Erba EA 1108 Elemental Analyzer with BBOT (2,5-
bis(5-tert-butyl-benzoxazol-2-yl) thiophene with formula CzsH2sN20,S) as standard for calibration. The
surface elemental compositions of ACs were determined by X-ray photoelectron spectroscopy (XPS)
using a PHI 5000 VersaProbe spectrometer. The XPS spectrum was calibrated with respect to the Cls
signal at 284.5 eV. Curve fitting was performed by an iterative least-squares algorithm (CasaxXPS
software) using a Gaussian-Lorentzian (70/30) peak shape and applying the Shirley background
correction.

ATR-FTIR measurements were performed to assess the functional groups involved in the adsorption
mechanism. The dried samples were directly measured in the wavenumber range from 4000 to 600 cm*
with a resolution of 4 cm using a Bruker Vertex 70 equipped with a DTGS detector (32 scans) using a
diamond ATR crystal.

2.3. Effect of adsorbent doses and solution pH

The effect of adsorbent doses and solution pH was studied using batch adsorption experiments at 25+1°C
in an erlenmeyer of 250 mL. The amount of adsorbent, between 20—-120 mg, was added to the erlenmeyer
containing 100 mL of 45 mg/L Ni(ll). The pH value was adjusted to 6 using 0.1 N of NaOH or HCI
solution. The erlenmeyer was sealed and shaken during 24 h. After agitation, the adsorbent was removed

using a cellulose @ 150 mm filtration paper. From this, 10 mL was taken to determine the concentration
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of Ni(Il). At the optimal adsorbent doses, the effect of solution pH was examined in the same conditions
but varying the pH within the range of 2-8.

2.4. Adsorption isotherms

At the optimal adsorbent dose and solution pH, adsorption isotherm experiments were carried out at
25+1°C in an erlenmeyer of 250 mL. The adsorbent was added to 100 mL Ni(ll) solution (30, 40, 60, 80,
100 and 120 mg/L). All experiments were performed at 24 h contact time. After each experiment, the
solution was filtered and the concentration of Ni(ll) was determined.

The amount of Ni(ll) adsorbed ge (mg/g) at equilibrium, was calculated using the following equation:

Co—Ce
qe:O—xV (1)

m

where Cp and C. are the initial and equilibrium concentration of Ni(ll), respectively (in mg/L), V is the
volume of the solution (L) and m is the weight of the adsorbent used (g).

The removal percentage of adsorbed heavy metal was estimated by:

Co—Ce
Co

Removar (%) = x 100 (2)

Freundlich, Langmuir, Monolayer Model for Single-Compound Adsorption and Dubinin - Radushkevich
models were fitted to the adsorption isotherm data for equilibrium description. The Freundlich isotherm is
an empirical model and can be applied to multilayer adsorption, with non-uniform distribution of
adsorption, heat and affinities over the heterogeneous surface [44, 45]. In its linear form it is given by:

logq, = logKp + %log C. 3)

where K is related with the adsorption capacity (mg*"LY"g) and n is related to the adsorption intensity,
also known as the heterogeneity factor [44].

The Langmuir isotherm is based on a theoretical model where the intermolecular forces decrease rapidly
with the distance and assumes a monolayer adsorption over an energetically homogeneous adsorbent
surface containing a finite number of adsorption sites. It does not take interactions between adsorbed
molecules into account [46, 47]. It can be represented by the following linear equation:

—= (e )

de dm KrLqm

where gm and K, are constants related to the maximum adsorption capacity (mg/g) and the adsorption
energy (L/mg), respectively. Hereby, a dimensionless constant, known as the separation factor (R.) [48]
can be defined by:

_ 1
1+K Co

L ®)
The R_ value indicates the nature of adsorption to be either unfavourable (R.>1), linear (R.=1),
favourable (0<R.<1) or irreversible (R_.=0) [8].

Nevertheless, Langmuir model assumes that the adsorbed molecule or ion occupies one site of adsorption.
In order to clarify the adsorption mechanism, the number of ions per site of adsorption can also be
determined using a Monolayer Model for Single-Compound Adsorption (MM-SCA) developed by
Sellaoui et al. [49, 50]. This model is based on the Hill isotherm, which assumes that the adsorption is a
cooperative phenomenon. A determined number of molecules (nA) can be adsorbed onto one or several
receptor sites (S). The mathematical model is expressed by the following equation [50]:

nNp,

()

e = (6)

where nN,,,=Q, is the monolayer adsorbed quantity obtained at saturation (mg/g), N is the density of
receptor sites, n is the number of ions per site and C, is the concentration at half saturation (mg/L).



The Dubinin—Radushkevich (D-R) is an empirical model initially conceived for the adsorption of
subcritical vapours onto micropore solids following a pore filling mechanism [45]. The approach was
usually applied to distinguish the physical and chemical adsorption of metal ions [45, 51]. The linear
model is given by:

Ing, =Inq, — Kpe? @)

1
e=RTln(1+C—e) ®)
where gs is the maximum sorption capacity of the adsorbent (mg/g), ¢ is the Polanyi sorption potential
and Kp (mol?/J?) is a constant related to the mean energy of sorption per mole of adsorbate as it is
transferred from the bulk solution to the surface of the solid. This energy E (kJ/mol) is determined by the
following equation [45]:
1

E=1r 9)
The parameter E is used for estimating the type of adsorption. If this value is below 8 kJ/mol the
adsorption type is related to physical adsorption, between 8 and 16 kJ/mol the adsorption is due to ion
exchange, and above 16 kJ/mol the adsorption type is a stronger chemical adsorption [8, 52].

2.5. Reusability of activated carbons

After determining the best conditions for the adsorption process (adsorbent doses and solution pH), the
desorption of loaded Ni ions onto ACs was carried out under a similar procedure (batch experiments at
25+1°C in an erlenmeyer of 250 mL, shaken during 24 h). A determined amount of AC-Ni was added to
100 mL of 0.1 N HCI solution. Then the adsorbent was separated and the residual concentration of Ni(ll)
ions was determined. The activated carbons were dried at 105+5°C and used in the next cycle of
adsorption-desorption test. The removals and desorption effectiveness during three adsorption-desorption
cycles were evaluated.

2.6. Thermodynamic and kinetic parameters

The free energy change (AG°), enthalpy change (AH®), and entropy change (AS°) were determined in
order to know the effect of temperature on nickel ions adsorption using SAC and HAC. The value of AG®,
AH® and AS° can be obtained from [23-44, 53, 54]:

~ R RT (10)

AG® = —RTInK, (11)

where K. is the equilibrium constant. The values of AH® (kJ/mol) and AS® (J/molK) can be calculated,
respectively from the slope and intercept of InK. versus 1/T plot.

According to Liu [53], for an adsorption process described as follows:
A+BS AB (12)

where A is the free adsorptive solute molecules, B is the vacant sites on the adsorbent, and AB the
occupied sites. The equilibrium constant Ke is defined as Ka and this one is equal to Langmuir constant
(Kv) in L/mol, Ka=K(1 molL) for a diluted solution of adsorbate. K, is defined as [53]:

(activity of accupied sites) _ (4B) (13)

a— (activity of vacant sites)(activity of solute in solution) - (B).(A)

Considering that the activity coefficients of the occupied and vacant sites are the same, the Eq. 12
becomes:

_ Be
a (1-6¢)veCe

(14)



were 6, is the fraction of the surface covered at equilibrium, 8, = ge/qm and y,, is the activity coefficient
of the adsorbate in the solution at equilibrium [53]. Considering a dilute solution (y, = 1) the equilibrium
constant could be rewritten as:

de
Ka — /qm

= e ()

For a charged adsorbate as Ni(ll) ions, the effect of ionic strength was neglected and subsequently the
thermodynamic parameters were calculated as an approximation.

In order to evaluate the adsorption mechanism, pseudo-first and pseudo-second order kinetic models were
fitted to adsorption kinetic data obtained at 25+1°C. Linearized models can be expressed for the following
equations [54]:

k
log(qe — q,) =logqe — - —t (16)

2.303

N (17)

qc k% qe

where ki and k; are the adsorption rate constants of first and second order kinetic models, in min** and
g/(mg min), respectively; ge and g, in mg/g, are equilibrium adsorption capacity at equilibrium time and
at time t. From the slope and the intercept of each linear plot, the adsorption rate constants (ki and kz) can
be calculated.

3. Results and Discussion
3.1. Characterization of the adsorbents

Boehm titration tests revealed a low content of acid functional groups on the ACs surface. For SAC the
content of carboxyl groups is 0.132 mmol/g, the lactone content is 0.117 mmol/g and the content of
phenolic groups is 0.015 mmol/g; for HAC this is 0.019, 0.056 and 0.083 mmol/g, respectively. The
pHpzc value, determined by acid-base titration, was found to be 5.2 and 7.1 for SAC and HAC,
respectively.

The ACs were characterized by a relatively slight developed porous structure as revealed by N, sorption
measurements at 77 K (Fig. 1). The textural parameters calculated from the adsorption data are collected
in Table 1. The shape of N isotherms indicates the microporous nature of both activated chars (Fig. 1a).
The contribution of micropores to the total pore volume is comparable, up to 0.90. SAC exhibits a much
more developed porosity compared with HAC. The BET surface area and the micropore volume are 464
vs. 383 m#/g and 0.178 vs. 0.151 cm?®/g, respectively. The total pore volume did not exceed 0.2 cm®g.
The prepared ACs were characterized by a narrow microporosity with an average micropore size in the
range of 0.58-0.84 nm. The pore size distribution determined by QSDFT confirmed a pronounced
difference between both ACs in the porosity development (Fig. 1b). The SAC sample exhibits an intense
maximum at a pore width of 0.57 nm. HAC has significantly wider micropores than SAC. The four
maxima are centered at 0.57, 0.72, 1.00 and 1.54 nm.
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Fig. 1 Nitrogen adsorption-desorption isotherms at 77 K a) and QSDFT pore size distribution b) for activated chars.

Table 1 Textural parameters for SAC and HAC

SeeT VT Vbr Lon2*  Vbrcoz  Soco2** Lo.co2*
eyl m?/g cm3/g cm3/g VorlVT o cmlg m2/g nm
HAC 383 0.176 0.151 0.86 0.84 0.061 260 0.47
SAC 464 0.197 0.178 0.90 0.58 0.068 216 0.63

* L0=10.8/(Eo-11.4)
**S0,c02=(2000- VbR coz)/Lo,coz

Because of the narrow porosity, the prepared ACs were analyzed by CO, sorption to characterize
ultramicropores. Fig. 2 shows the CO, adsorption isotherms (a) and the pore size distribution determined
by NLDFT (b) in the range of ultramicropores. The textural parameters calculated from the CO; isotherm
data are also included in Table 1. A bimodal distribution of ultramicropore sizes was revealed for both
ACs, showing a maximum at 0.35 nm for both samples and 0.50 and 0.55 nm for SAC and HAC,
respectively. The volume and average width of ultramicropores are smaller for HAC compared to SAC.
However, the surface area of the narrow micropores is higher for HAC (260 vs. 216 m?/g).

The measurements of N» sorption indicated that it is not possible to obtain the N isotherm for the initial
chars because they have a very narrow microporosity, which is not accessible for the nitrogen molecules
at 77 K.
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Fig. 2 COz adsorption isotherms at 273 K a) and NLDFT pore size distribution b) for activated chars.



XPS results for C1s core-level spectra of HAC and SAC obtained for the deconvolution of the peaks are
shown in Fig 3. Due to the fact that potassium was detected in both samples and overlaps the signal from
carbon, the Cls core-level spectra include K 2pi»(~296.3eV)and K 2pszp (~293.4 V)
deconvoluted peaks, which are associated to the K-O bindings characteristic for KO, taking into account
the characteristics of the samples. The other five peaks with binding energies of C—C sp? at 284.8 eV, C—
O (hydroxyl group) at 286.3 eV, C=0 (quinone, carbonyl groups) at 287.7 eV, O=C-O (carboxylic
groups) at 289 eV and plasmon at 290 eV are found. The distributions of oxygen functional groups in the
ACs are summarized in Table 2. The highest contribution of hydroxylic groups was revealed followed by
carbonyl and carboxylic groups.

HAC A cC
SAC <.

plasmon c-0

Intensity (a.u.)
Intensity (a.u.)

0=C-0
\c=o \
T T T T T T T T T T T T T T T T
300 298 296 294 292 290 288 286 284 282 300 298 296 294 292 290 288 286 284 282
Binding energy (eV) Binding energy (eV}
a) b)

Fig. 3 C1s XPS spectrum of a) HAC and b) SAC.

Table 2 Relative content of functional groups obtained from C1s XPS spectrum

C1s peak deconvolution (%)

Sample

C-C C-OH C=0 O0=C-OH plasmon
HAC 42.5 8.2 4.0 3.0 8.3
SAC 609 108 51 33 513

Table 3 shows the results of the elemental analysis and surface atomic composition for both ACs. The
elemental analysis and XPS results indicate that HAC has more oxygen than SAC. Taking into account
the XPS spectra (Fig. 3) the high levels of oxygen for HAC seem to be more related with potassium as
K20, than with organic funtional groups at the carbon atoms. In general both ACs samples have a low
sulphur content, and a lower nitrogen concentration is found for the HAC sample.

Table 3 Elemental composition (on a dry mass basis) for HAC and SAC

Elemental composition from elemental analysis (wt %) Surface atomic composition from XPS (at %)

Sample

C H N S 0] C N K ()
HAC 62.0 1.5 1.27 0.4 17.2 66.0 0.8 9.2 24.0
SAC 82.9 1.7 2.57 0.2 8.1 85.4 2.3 2.2 10.1

3.2. The effect of adsorbent doses

Fig. 4 shows the effect of adsorbent doses on the Ni(ll) adsorption process for a 100 mL Ni-solution (45
mg Ni/L). From this figure, it can be deduced that the optimal adsorbent doses are 80 mg for SAC and
100 mg for HAC. By further increasing the adsorbent doses, an increase in the equilibrium concentration
in the solution can be noticed, and thus a lower adsorption amount on the AC. It is found that at higher
adsorbent amounts, particle aggregation occurs, resulting in a decrease of the total free surface area and
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an increase of the diffusion path length [8, 55]. This aggregation phenomenon seems to be influenced by
the nature of the adsorbent and is faster for SAC than for HAC.
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Fig. 4 Effect of adsorbent doses a) HAC and b) SAC (Co = 45 mg/L, V = 100 mL, pH = 6, T = 251 °C, speed shake
50 rpm, t = 24 h).

3.3. The effect of solution pH

The effect of solution pH on the adsorption process is shown in Fig. 5. A minimum in the Ni(ll)
equilibrium concentration is obtained when the initial pH is around 6. At low pH, the Ni-ion is not able to
replace the bound H* or even to enter the AC, as it is positive charged (pH < pHpzc). Only when the pH is
high enough (pH > pHpzc) Ni ions are able to compete with H* and to be bound on the functional groups.
Additionally, as the AC becomes rather neutral to negative charged, they can enter the AC and its pores,
and bind on the active places [56, 57]. Thus, an electrostatic attraction mechanism between the surface
and the Ni-ion can take place [58]. At a higher initial pH of 6, the Ni(ll) equilibrium concentration in
solution increases again, due to the formation of Ni(OH)*, being less competitive in the adsorption
process [13]. At an even higher pH than 8, precipitation of Ni(OH), starts.
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Fig. 5 Effect of solution pH a) HAC and b) SAC (Co = 45 mg/L, m = 80 mg for SAC and 100 mg for HAC, V = 100
mL, T = 25+1 °C, shake speed 50 rpm, t = 24 h).

3.4. Adsorption isotherms



In the Fig. 6 the adsorption isotherms are presented at the optimum adsorbent doses and solution pH. The
equilibrium adsorption data gave a convex curve. HAC isotherm should be classified as highly affinity,
which is indicative of a strong adsorption processes [59]. The adsorption models (Table 4) show a better
almost equal fit for the Monolayer Model for Single-Compound Adsorption (MM-SCA) and Langmuir
model. From MM-SCA model it is possible to establish that the conditions assumed by Langmuir
adsorption theory are not really fulfilled completely. The adsorbed Ni(ll) occupies more or less than one
ion per site of adsorption. For the HAC the number of ions per site n are in the range of 1-2, pointing
more to a multi-ion adsorption process and Ni ions could be binding either by one ion per site or two ions
per site. For the SAC the opposite occurs (n<1), in this case the Ni ions might be adsorbed at more than
one binding site (multi-anchorage adsorption mechanism). These results not only indicate a difference in
characteristics of both AC but also suggest a difference in the adsorption mechanism. The density of
receptor sites (Nm) is greater for SAC than for HAC. This suggests that the multi-ion adsorption of Ni
onto HAC could decrease the binding ability of neighbour receptor sites. The multi-ion adsorption
mechanism on HAC could be related with the oxygen content. But this is not only determined to the
organic oxygen functionalities (ATR-FTIR results) but also associated to the mineral matter as KO
(Table 3), being much higher for HAC than for SAC. Thus caution is at his place. Additionally, the
monolayer adsorbed quantity (Qo) has almost the same value for both adsorbents, which is not in
agreement with adsorption isotherms (Fig. 6) where HAC adsorbs higher amounts than SAC at each
initial Ni(ll) concentration as calculated by the Langmuir model. Taking into account these observations
and the small difference in the correlation coefficient (R?) for both models, the Langmuir model seems to
be more appropriated for the equilibrium description. From Langmuir model the separation factor (R\) is
in the range of 0-1, indicating a favourable adsorption process for nickel ions, as both R? have acceptable
values. The maximum adsorption capacity for HAC is larger than for SAC. The mean energy of sorption
per mole of adsorbate (E) is for both less than 8 ki/mol, corresponding rather with a physical adsorption
process, even by taking the unfavourable fit of D-R model into account.

The removal percentage for the initial concentration of nickel ions within 30-120 mg/L is in the range of
29.1-65.2% for SAC and 44.6-90.8% for HAC. It was found for HAC that at initial concentration below
20 mg/L of Ni(ll), a complete removal was noticed. In the case of SAC, an almost 100% removal below
10 mg/L of Ni(ll) was measured. This is the reason why removal studies were examined in the range of
30-120 mg/L Ni(ll). In all cases, HAC performs better and has a higher removal %. Table 5 gives a
literature survey of several adsorbents with their maximum sorption capacity for Ni(ll). It can be noticed
that HAC and SAC can compete with the literature results. Additionally, both surface area and the pore
size of the AC do not seem to be the determining factor in the adsorption process. Both AC types are
microporous in nature and SAC has a greater specific surface area (Table 1). In contrast, the higher
amount of oxygen present in HAC (Table 3) is more favourable towards the Ni-ion adsorption process
and mechanism. After adsorption a high increment of potassium was found in the solution, 12.1 and 12.6
mg/L for SAC and HAC, respectively, indicating an ion exchange process between the potassium-ion and
the Ni(Il) present in the solution.
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Fig. 6 Adsorption isotherms a) HAC, b) SAC (Co = 30-120 mg/L, m = 80 mg for SAC and 100 mg for HAC, V = 100
mL, pH =6, T = 251 °C, shake speed 50 rpm, t = 24 h).

Table 4 Isotherm constants for nickel (I1) adsorption onto SAC and HAC

Isotherm Parameters Type of adsorbent
model SAC HAC

gm (mMg/g) 51.94 57.14
Langmuir Kv (L/mg) 0.071 0.315

RL (0.105-0.331)  (0.026-0.096)

R? 0.9553 0.9778

Kr 10.95 23.64
Freundlich 1/n 0.33 0.22

R? 0.9406 0.8907

gs (ma/g) 40.49 50.77
D-R Kp (mol?/3?)  1E-05 1E-06

E (kJ/mol) 0.223 0.707

R? 0.7811 0.8841
MM-SCA Qo (mg/g) 55.17 55.82

Nm 62.69 48.75

n 0.88 1.14

R? 0.9567 0.9801

Table 5 Adsorption capacities of different adsorbents for nickel ions removal from aqueous solutions

Adsorbent Maximum adsorption ~ Solution Dosage  Concentration Reference
capacity by pH (g/L) range (mg/L)
Langmuir model, gm
(mg/g)

Urea-modified activated carbon 29.5 7 0.6 10-30 [6]

derived from Pennisetum
alopecuroides, PUAC-4

Almond husk activated carbon 18.84 5 5 25-250 [61]
Amine-modified Fireweed 10.12 5 0.8 1-40 [62]
activated carbon, AFWC

Commercially powdered 2.29 5 0.8 1-40 [62]
activated carbon, PAC

Activated carbon residue from 62.9 8 5 25-125 [63]
biomass gasification, ACR

Activated carbon 4.93 7 10 10-40 [8]
from doum seed

(Hyphaenethebaica) coat, DACI

Activated carbon 13.51 7 10 10-40 [8]
from doum seed

(Hyphaenethebaica) coat,

DACII

Multi-walled carbon nanotubes 18.08 6 10 10-200 [64]
Multi-walled oxidized carbon 49.26 6 10 10-200 [64]
nanotubes

Activated carbon from coffee 57.14 6 1 30-120 Present
husk, HAC study
Activated carbon from spent 51.91 6 0.8 30-120 Present
coffee, SAC study

ATR-FTIR spectra (Supplementary material) of ACs before and after adsorption reveal that for HAC the
bands located at 1440, 1364, 698 and 626 cm™ corresponding with O—H, in and out of plane bending
vibrations tending to be less pronounced after the adsorption process, denoting the interaction of Ni ions
with these functionalities. For SAC, the spectra before and after adsorption test have similar
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characteristics, the bands located at 1725 cm™ (stretching vibrations of carbonyl/carboxylic groups on the
edges of layer planes), 628-872 cm™ (O-H out of plane bending) do not play a significant role during Ni
removal.

3.5. Desorption tests and reusability of activated carbons

Fig. 7 depicts the removal and desorption effectiveness during 3 cycles of adsorption-desorption test. It is
observed that HAC has better removal and desorption effectiveness than SAC in all cycles, confirming
the active role of O—H functionalities during the adsorption. The H* ions replace the Ni-ions bonded to
the oxygen functionalities, recovering almost during the first two cycles HAC the total adsorption
capacity.
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Fig. 7 Adsorption-desorption cycles (Co = 45 mg/L, m = 80 mg for SAC and 100 mg for HAC, V = 100 mL, T =
25+1 9C, shake speed 50 rpm, t = 24 h).

3.6. Adsorption kinetics

The kinetic results for Ni(ll) show a fast adsorption process: the equilibrium is reached in less than 2 h
(Fig. 8). For the pseudo-first-order model a low regression coefficient (R?) is found, only 0.5. For the
pseudo-second order model, R? is much better (0.9889 and 0.9602 for HAC and SAC, respectively). The
adsorption process described by the pseudo-second order model assumes that the rate-limiting step may
be chemisorption promoted either by valence forces, through sharing electrons between adsorbent and
nickel ions, or by covalent forces, through exchange of electrons [65].

With the regression equations obtained for the pseudo-second order models, the rate constants (k),
0.0016 and 0.0014 g/mg min for HAC and SAC were obtained, respectively. HAC adsorbs Ni(ll) faster
than SAC, and its maximum amount of adsorbed Ni(ll) is higher.
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a) b)

Fig. 8 Kinetic results for Ni(Il) a) HAC, b) SAC (Co = 45 mg/L, m = 80 mg for SAC and 100 mg for HAC, V = 100
mL, pH =6, T = 25+1 °C, shake speed 50 rpm). The drawn line is a based on Langmuir trend line.

3.7. Adsorption thermodynamics

The relationship between temperature and removal of nickel ions is given in Fig. 9 (a and b). The results
evidence an increment in removal when temperature was increased from 298 K to 328 K for both
adsorbents. At very low concentration of Ni ions (30 mg/L) and higher temperatures (308-328 K), HAC
removal is >94%, which in view of practical application, i.e. reaching the safety norm, is quite interesting.
The temperature affects the equilibrium of adsorption; higher temperatures tend to improve the ability of
adsorption and facilitates diffusion in the pores of the adsorbent materials [13, 66].
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Fig. 9 Effect of temperature on nickel (11) removal a) SAC, b) HAC (Co = 45 mgL"%, m = 80 mg for SAC and 100 mg
for HAC, V =100 mL, pH = 6, t = 24 h, shake speed = 50 rpm).

The approximate thermodynamic parameters are shown in Table 6, according Egs. 4 and 15. The values
of K. for SAC and HAC are however in L/mg (0.071 and 0.315, Table 4 for 298K}) so for using K as Ke
they have to be converted in L/mol= K *molecular weight of Ni*1000 (according ref. 53), resulting into
4168 and 18 473 L/mol for SAC and HAC respectively. For all other temperatures the same strategy is
applied, according Eq. 11 resulting in the AG® values listed in Table 6. According Eq. 10, AH® and AS®
can be obtained and are given in Table 6. The negative AG®° and positive AH® for both approaches are of
the same magnitude and suggest that the adsorption process of nickel ions on SAC and HAC is
spontaneous but endothermic in nature. The AG® becomes gradually more negative when temperature
increased from 298 to 328 K, which suggests that adsorption process is more favourable at higher
temperature. The AH° value for ACs is greater than 20 kJ/mol, rather pointing to a more chemical
bounding process [53]. This is not really in conflict with the results obtained by the D-R fit, suggesting
the implication of physical and chemical processes during the adsorption. Even when the equilibrium
constants K, (Eq. 15) and K. (Eq. 4) have the same interpretation as discussed by Liu [53], better fits of
Eq. 10 are achieved using K, (Eg. 15) as equilibrium constant.

Table 6 Thermodynamic parameters for nickel (I1) ions.

R? AH° AS°® AG®
(Eg-9) (kJ/mol) (I/mol.K) (kJ/mol)
298K 308K 318K 328K
Based in KL (Eq.4) SAC 0.7606  39.07 202.8 -20.65 -2452 -2551 -26.98
HAC 0.9844  40.95 218.7 2434 -26.14 -2881 -30.75
Based in Ka(Eq. 14) SAC 0.9766  56.27 256.3 -19.96 -21.94 -2412 -2493
HAC 0.9902 4391 228.2 -2427 -2530 -26.88 -28.21

4, Conclusions
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Spent coffee and coffee husk activated carbon (SAC and HAC) show a high affinity for Ni(ll) adsorption.
The best adsorbent doses were 80 mg and 100 mg for SAC and HAC, respectively, at an optimal pH
around 6. The adsorption capacity for HAC was higher than for SAC. At low initial concentration of
nickel (30 mg/L) and higher temperatures (308-328 K), the removal is almost complete for HAC. The
Monolayer Model for Single-Compound Adsorption and Langmuir model fitted better the adsorption
data. However, Langmuir model seems to be more appropriated for equilibrium description. The adsorbed
Ni(Il) occupies more or less than one ion per site of adsorption. For HAC a multi-ion adsorption process
occurs, meanwhile for SAC Ni ions might be adsorbed at more than one binding site (multi-ion anchorage
adsorption mechanism). The surface area and the pore size of the ACs do not seem to be the determining
factor in the adsorption process. These ACs are microporous in nature. The higher amount of oxygen
associated to the mineral matter as K,O and carbon functionalities corresponding with O—H present in
HAC seems to be more in favour towards the Ni-ion adsorption process and multi-ion anchorage
mechanism. Thermodynamic parameters show an endothermic adsorption process, which is more
favourable with increasing temperature. Adsorption kinetics demonstrate a quick process, which can be
described by a pseudo-second order kinetic model. HAC and SAC could be suitable adsorbents in the
removal of Ni(ll) from aqueous solution. It is observed that HAC has better removal and desorption
effectiveness than SAC.
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