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Abstract

The aim of this research is to relate surface chemistry and textural
characteristics of activated carbons (ACs) in the adsorption of Ni and Co ions
present in single, bi and multi-element solutions, which simulates the
wastewater from an acid leaching mineral processing technology. The chars
were treated with NayS solution before activation process for pore
development. Batch adsorption test were done as a function of heavy metal
concentration, adsorbent doses, temperature and adsorption time. The
adsorption  behaviour was evaluated through isotherm  models,
thermodynamics and kinetics parameters. At 25°C Langmuir maximum
adsorption capacity (qm) for Ni and Co ions is higher for the ACs without
chemical pre-treatment. The adsorption of the metallic species is endothermic
and spontaneous in nature, with the combination of physical and chemical
forces. Both surface functionalities and contribution of mesopores affect the
kinetics. However the rate-controlling step is chemisorption and their
behaviour is explained by a “surface enhancement” associated with highly
energetic and heterogeneous surface. In multi-element solutions containing
Ni(1l), Co(ll), Mn(Il) and Mg(ll) ions, the adsorption is enhanced for ACs
with better developed mesoporosity.
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1. Introduction

Nowadays the increase of heavy metals in the environment is a major concern, for their
toxicity and propensity to bio-accumulate in the food chain. They can cause harmful effects
to the flora, fauna and humans even at low concentrations [1].

The main sources of heavy metal pollution are industrial growth and human activities [2].
Nickel and cobalt are technologically important and commonly used heavy metals [3, 4]. The
excessive levels of nickel in the environment can cause pulmonary fibrosis, lung cancer, renal
oedema, skin dermatitis and inhibit many enzymatic functions [4, 5], while cobalt causes
paralysis, diarrhoea, low blood pressure, lung irritation and bone defects [6]. Several
industries, such as electroplating, ceramics, pigments, electronic, nonferrous metals mineral
processing, dyeing and steam-electric power plants have contributed to the contamination of
different water bodies with nickel and cobalt ions [7, 8].
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Standard levels of nickel and cobalt ions in drinking water are 0.07 mg/L [9] and 0.05 mg/L
[6], respectively. Mineral processing using acid leaching technology leaves about 40-45 mg/L
of nickel(1l) and 5 mg/L of cobalt(Il) in the aquatic environment. The waste that contain
these elements also has high quantities of manganese(ll) and magnesium(ll), making the
recovery of nickel(ll) and cobalt(ll) a complex process. Therefore, the development of
effective methods for nickel(ll) and cobalt(ll) recovery from these industries effluents is a
challenging situation.

Activated carbon (AC) is very effective in treating low metal-ion concentration in aqueous
solutions [10-14]. The use of agricultural waste as AC precursors is renewable, less
expensive and offers environmental advantages [15]. There have been many efforts to obtain
low-cost AC from agro-waste such as tobacco residues [16], cocoa shells [17], coffee husks
[18-20], olive stones, bagasse, birch wood [21, 22], almond shells [23], nut shells [24], rice
hulls [25], bamboo [26, 27], tamarind wood [28] and others [29].

ACs application in adsorption process is mostly related with their surface chemistry and pore
structure [30, 31]. Thus, the main purpose of researches in the last years is to obtain ACs with
specific surface functionalities and/or to improve the micro and mesoporosity of the
adsorbents [30, 32], through surface modification using techniques such as: acid or base
treatment, impregnation with several chemical reagents and thermal processes [31, 33-35].
The chemical treatment of chars prior to activation produces more active sites into their
structure, which afterwards can improve micro- and mesopore development during steam
activation [30, 36, 37]. Pore structures enhance the AC adsorption capacity, where mesopores
have a significantly role acting as the main transport routes for the adsorbate to the
micropores [36, 38]. However, little or no information is known concerning the relation of
chemical and textural characteristics of AC from coffee and cocoa seed husks pre-treated
with NaS in the adsorption of Ni and Co ions.

In this research, ACs are obtained by physical activation of chars from coffee and cocoa seed
husks. The chars were pre-treated with Na>S solution to increase ACs pore structure
development and to modify their surface functionalities. Adsorption processes of Ni and Co
ions present in single, bi and multi-elemental solutions are evaluated. Adsorption models
(Langmuir, Freundlich and Langmuir-Freundlich), thermodynamics, kinetics and
characteristics of the adsorbent materials are also assessed.

2. Materials and methods

2.1. Chemicals and solutions for adsorption processes

All reagents used were analytical grade and purchased from Merck. Stock solutions of 5000
mg/L for Ni(ll), Co(ll), Mn(ll) and Mg(ll) were separately prepared by dissolving
NiSQO4:-6H20, C0SO4:7H20, MnSO4-H20 and MgSO4-7H20 in Milli-Q water. All other
solutions containing these metals ions were prepared by diluting the stock solutions. The pH
of the solution was adjusted with 0.1 N NaOH or 0.1 N HCI solutions. The concentration of
metal 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 of activated carbons
In reference [39 and 40] a detailed description of the preparation of both biochars is given
using an own build reactor.

For activation, the biochar is introduced in a horizontal quartz reactor and fixed with two
quartz wool plugs. The biochar is heated up under a N2 atmosphere at 850°C with a heating
rate of 20°C/min. At 850°C the atmosphere is switched from N2 to water vapour (10 mL) to
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complete the activation process during 30 min and 39 min for coffee husk char and cocoa
seed char [40], which were denoted as HAC and CAC respectively.

For the preparation of pre-treated ACs 8 g of biochar is mixed with 50 mL of 0.1 N
Na2S-9H20 solution and dried overnight at 110°C until the complete evaporation of the
solvent. Then, the impregnated biochar is thoroughly washed with Milli-Q water, dried at
110°C for 24 h and conducted to activation process. The chemical pre-treated coffee and
cocoa seed husks AC were coded as S-HAC and S-CAC respectively.

2.3. Characterization of adsorbent materials

In reference [40] the porous texture analysis methods using N2 and CO> are described and the
calculation of the different parameters: micropore volume (Vprn2) and average micropore
size (Lon2), mesopore volume (Vwes), total pore volume (VT), ultramicropore volume
(Vbr,co2) and ultramicropore size (Locoz2), and pore size distribution (PSD) is according
references [41-44].

The content of the mineral matter soluble in acid was performed by leaching 100 mg of the
AC samples with 0.1 N HCI solution for 48 h. The solution was filtrated and the
concentration of K, Na, Ca and Mg was measured using inductively coupled plasma
spectrophotometer (Perkin Elmer Optima 3000 DV ICP-AES device with an axial plasma
configuration). The composition of the overall mineral fraction was determined by XRF (X-
Ray Fluorescence). XRF analysis was executed on a Bruker S4 Explorer (wavelength
dispersive XRF spectrometer, 1000 W). Powdered samples were measured in a He
atmosphere. The observed intensities of the analyzed samples were compared to a set of
universal calibration standards (standard less calibration). The concentration of the elements
in the samples (in %) was obtained applying a correction for the sample matrix (by the
amount of carbon present) and using the EVAL-program for this purpose.

The pH determination at zero charge (pHpzc) was determined by acid-base titration procedure
[45]. 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, 0.15 g of AC sample
was added to each flask and shaken for 48 h. The final pH was measured. The pHpzc value is
the point where the curve pHsinai Versus pHinitial Crosses the line pHinitiat = pHfinar.

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) and diamond ATR crystal.

The number of total acidic 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>COsz (0.05 N) and NaHCO3 (0.05 N). The method is based on the theory that NaOH
neutralizes carboxyl, lactone and phenolic groups, Na.COs carboxyl and lactone groups, and
NaHCOz only neutralizes carboxyl groups [46]. The flasks were sealed and shaken for 24 h.
Subsequently, 10 mL of each filtrate was pipetted, the excess of the base or acid was titrated
with HCI (0.05 N) or NaOH (0.05N) to a pH of around 7.

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 C1s signal at 284.5 eV. Curve fitting was performed by an
iterative least-squares algorithm (CasaXPS software) using a Gaussian-Lorentzian (70/30)
peak shape and applying the Shirley background correction.
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Elemental analysis of carbon (C), nitrogen (N), hydrogen (H) and sulphur (S) was carried out
with a Thermo Electron Flash EA1113 element analyser with BBOT (2,5-bis(5-tert-butyl-
benzoxazol-2-yl) thiophene with formula C26H26N20-S) as standard for calibration.

The proximate analysis was determined according to ASTM test methods. Moisture content
of the samples was determined according to ASTM 1756-01 [47] by oven drying the sample
at a temperature of 105+3 °C until constant weight. Volatile matter by ASTM D 3175-17 [48]
is the percentage of volatile products, exclusive of moisture vapor, released during the
heating of AC (around 1 g) at 950+25 °C for 7 minutes. Ash content was determined by
ASTM E 1755-01 [49] by dry oxidation of the sample at 575+25 °C for a minimum of 3 h.
Fixed carbon is the non-volatile fraction and is determined by difference. The analyses were
performed in quadruplicate.

The granulometric characteristics of adsorbent materials were obtained at the size intervals
(in mm) > 2; 2-1; 1-0.5; 0.5-0.125; 0.125-0.063 and < 0.063. For adsorption tests the
particles with the size distribution < 0.063 were neglected.

2.4. Effect of metal ion concentration

Adsorption tests, for evaluating the initial concentration of Ni(ll) and Co(ll) on AC
adsorption capacities, were carried out at 25°C in an Erlenmeyer of 250 mL. The amount of
adsorbent (25 mg) was added to a 50 mL of Ni(ll) or Co(ll) solution with metal ion
concentration between 30-180 mg/L and solution pH of 6. All experiments were performed
during 24 h of contact time. After each experiment, the solution was filtered using a @ 150
mm filtration paper, the final pH and the concentration of metal ions were determined.

The amount of Ni(ll) or Co(ll) adsorbed ge (mg/g) at equilibrium, was calculated using the

following equation.

qe = 2= xV 1)
where co and ce are the initial and equilibrium concentration of metal ions, respectively
(mg/L); m (mg) the mass of AC and V(L) the volume of the solution. The real value of ce
(Equation. 2) was corrected taking into account the amount of Ni(ll) or Co(ll) that
precipitated in the solution because of the increase of the pH. When the pH increases over
7.5, an additional measurement was performed using an Erlenmeyer containing 50 mL of
metal ion solution (ion concentration used during the adsorption test run) and shaken at 50
rpm. Diluted solutions of 0.1 N HCI or 0.1 N NaOH were added to this solution until the
same pH was reached as in the case of the adsorption experiment. Then the solution was
filtrated, and the ion concentration was measured. The amount of metal ions that precipitate
was determined by the difference between initial and final concentration, taking into account
the corrections by the volume of added acid or base. This procedure was applied for all
adsorption tests: temperature, adsorbent doses effect, kinetic and adsorption in multi-element
solution.

Ce = Ce measured T Cprecipitated (2)

where C, nmeasurea 1S the filtrated metal ion concentration after the adsorption test and

Cprecipitatea 1S the precipitated metal ion concentration determined according to the

procedure described above.
The removal percentage of adsorbed heavy metals was estimated by:

Co—Co
Removal(%) = OCO x 100 (3)
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2.5. Adsorption isotherms

The analysis of the equilibrium data is essential to study the adsorption behaviour.
Freundlich, Langmuir and Langmuir-Freundlich models were fitted to adsorption data.

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 [50, 51] and in linear form it is given by

logqe = logKg + %log Ce 4)

where K is related with the adsorption capacity (mg*"L¥"g™) and n is related to the
heterogeneity and the adsorption intensity [50].

The Langmuir isotherm is based on a theoretical model and assumes a monolayer adsorption
over an energetically homogeneous adsorbent surface containing a finite number of
adsorption sites. It does not take into account interactions between adsorbed molecules/ions
[52, 53]. It can be represented by the following linear equation

1 1 1 1
Le ()2 s

de dm KrLdm/ Ce ()
where gm and K. are constants referring to the maximum adsorption capacity (mg/g) and

related to the adsorption energy (L/mg), respectively. Hereby, a dimensionless constant,

known as separation factor (Rr) [54] can be defined by
1

1+K.C (6)
L%“0

The RL value indicates the adsorption nature to be either unfavourable (RL >1), linear (R.
=1), favourable (0 <RL <1) or irreversible (R. =0) [55].

The Langmuir-Freundlich isotherm equation [56] represents the combination of Langmuir
and Freundlich behaviour through

RL=

_ QmLF(KLF Ce )LF

qe - (KLF Ce)nLF+1 (7)
where gmLr, KLr and ncr refer to the maximum adsorption capacity (mg/g), the adsorption
energy (L/mg) to the adsorption intensity for Langmuir-Freundlich model respectively. To
determine the parameters of the model nonlinear curve fitting was applied to the data using
the Origin 8.1 program.

2.6. Temperature effect

The effect of temperature in the adsorption process was evaluated in the range of 25-45°C.
The adsorbent (25 mg) was added to a 50 mL of Ni(ll) or Co(ll) solution with metal ion
concentration between 30-180 mg/L in an Erlenmeyer of 250 mL and at a solution pH of 6.
The Erlenmeyers were sealed and shaken during 24 h. After agitation, the adsorbent was
removed by filtration and 10 mL of solution was taken to determine the concentration of
metal ions.

2.7. Effect of adsorbent doses

Solutions of Ni and Ni plus Co ions were prepared, the last simulating the concentration of
these metals in wastewater of the acid leaching process. The effect of adsorbent doses was
carried out using batch adsorption experiments in Erlenmeyer of 250 mL. The amount of
adsorbent, between 25-50 mg, was added to the Erlenmeyer containing 50 mL of solution for
achieving a solid/liquid ratio in the range 0.5-1.0 g/L, at temperatures between 25-45°C and
at a solution pH of 6. The Erlenmeyer was sealed and shaken during 24 h. After agitation, the
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adsorbent was removed by filtration and 10 mL of solution was taken to determine the
concentration of metal ions.

2.8. Thermodynamics and kinetics parameters

The free energy change (AG°), enthalpy change (AH°), and entropy change (AS°) of the
adsorption process were determined and can be obtained from [57, 58]

AS®  AHC
InKe = ——— 8
AG® = —RTInK, )

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

According to Liu [59], for an adsorption process described as follows.

A+BS AB (10)
where A is the free adsorbate molecules, B is the vacant sites on the adsorbent, and AB the
occupied sites. Kais defined as [59].

(activity of occupied sites) aaB

K, = = (11)

- (activity of vacant sites)(activity of solute in solution) - ag-aa

Considering that the activity coefficients of the occupied and vacant sites are the same,
Equation. 11 becomes
— ee
a (1-8¢)veCe
where 6, is the fraction of the surface covered at equilibrium, 8, = ge/gm and v, is the activity
coefficient of the adsorbate in the solution at equilibrium [59]. Considering a dilute solution
(Ye = 1) the equilibrium constant can be rewritten as

Qe/qm

(12)

K, =+—7F""%— (13)
a (1_qe/qm)ce
Rewriting the linear form of the Langmuir equation (Equation. 5), one gets
Ki.C
do - Lo (14)

dm KpCe+1

For the charged adsorbate (Ni and Co ions), the effect of ionic strength can be neglected
because of using diluted solutions. As a consequence, the equilibrium constant Ke can be
defined as Ka and substituting Equation. (13) in (12) equals to the Langmuir constant (K.). To
get a dimensionless equilibrium constant K. must be multiplied with 1000 and by the atomic
weight of the considered adsorbate. Subsequently the thermodynamic parameters obtained
via Equation. 8 and 9 in using KL must be considered as an approximation of the
thermodynamic effects.

The characteristics of the kinetic process allow understanding the adsorption mechanism. The
pseudo first-order rate equation of Lagergren is a commonly used kinetic model depending
solely on the adsorbate concentration in the evaluation of adsorption mechanism of the solute
from a liquid solution [60]. The pseudo-second order kinetic model is based on the
assumption that the rate-limiting step is chemisorption in nature and the mechanism could
involve valence forces by sharing or through the exchange of electrons between adsorbent
and adsorbate [1]. Linearized models can be expressed for the following equations [61]
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k
log(qe — q¢) =logqe, — ——t (15)

2.303
t 1 1
— = + =t 16
ac k203 Qe (16)

Where k; and ko are the adsorption rate constants of first and second order kinetic models, in
mint 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 k2) can be calculated.

2.9. Activation Energy

Arrhenius equation allows to determinate the activation energy (Ea) throughout the linearized
equation [62]

Ink =InA—22 (17)

RT

where k the rate constant value for the metal adsorption, A is the frequency factor related with
the possibility that the collisions are favourably oriented for reaction, Ea is the activation
energy in kJ/mol, T the absolute temperature (K) and R the universal gas constant (8.314
J/mol K). The value of Ea can be estimated by the slope of graph In k vs 1000/T.

2.10. Adsorption test in multi-element solutions

A multi-element solution containing Ni(Il), Co(ll), Mg(Il) and Mn(ll) ions was prepared. The
concentration of the metal ions was similar to the wastewater from the acid leaching mineral
processing technology: 40 mg/L of Ni(ll), 5 mg/L of Co(ll), 1062 mg/L of Mg(ll) and 1858
mg/L of Mn(ll). The adsorption test in batch mode was done at the optimal temperature in
sealed Erlenmeyers of 250 mL containing 50 mL of the multi-element solution, pH 6 and at
two different adsorbent doses of 62.5 and 125 mg (1.25 and 2.5 g/L) during 24 h of contact
time and at 50 rpm of shake speed. Finally, the adsorbent was separated through filtration and
the concentration of metal ions and the final solution pH were measured.

3. Results and discussion

3.1. Characterization of adsorbent materials

Table 1 presents the size distribution for the adsorbent materials. As only during biochar
formation the particle size changes, due to the continuous motion of an Archimedes screw,
HAC and S-HAC; CAC and S-CAC have the same size distribution (activation was
performed in a horizontal static reactor oven keeping samples untouched/motionless). HAC
and S-HAC are mainly present as particles between 1-0.5 and 0.5-0.125 mm with 52.15 and
34.34 % wit., respectively. However, for CAC and S-CAC, the main size classes are 2-1 and
1-0.5 mm with 44.42 and 25.32 % wt. respectively.

The values of pHpzc for HAC and CAC are 8.9 and 8.7 respectively. The pHpzc in ACs is
down to 7.1 for S-HAC and 6.5 for S-CAC. The elemental, proximate, overall mineral
fraction, surface atomic composition and Boehm titration results of adsorbent materials are
shown in Tables 2-4. Chemical pre-treatment with Na,S leads to a decrease in oxygen
content, moisture, ash and volatile compounds, and increasing the total and fixed carbon
(Table 2). The amount of sulphur determined by the elemental analysis technique is below
detection limit for all samples (Table 2).

XRF results (Table 3) expressed as elements show an increase in sulphur and sodium content
after the chemical pre-treatment. The content of sulphur as element is 0.33 %, 0.39 %, 0.80 %
and 0.58 % for HAC, CAC, S-HAC and S-CAC, respectively. The content of sodium as
element is 0.11 %, 0.19 %, 2.35 % and 2.76 % for HAC, CAC, S-HAC and S-CAC,
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respectively. High contents of Mg, Si, P, K and Ca were also found in the ACs samples

(Table 3).

Table 1. Size distribution of HAC, S-HAC, CAC and S-CAC.

% wt. of dry sample

Size distribution  HAC & S-HAC  CAC & S-CAC

(mm)

>2 0.18 6.17

2-1 11.73 44.42

1-05 52.15 25.32

0.5-0.125 34.34 19.69

0.125 - 0.063 1.41 3.70

< 0.063 0.19 0.70

Total 100 100

Table 2. Elemental and proximate composition.

Adsorbent Elemental composition (wt. %)

Proximate analysis (wt. %)

materials C H N S O° Moisture Volatile Ash Fixed Carbon
HAC 59.30 134 0.75 <DL 6.18 5.94 17.84  32.43 43.79
CAC 48.82 1.21 084 <DL 542 6.02 15.44  43.71 31.83
S-HAC 6745 124 0.77 <DL 4.72 412 16.06 25.82 54.00
S-CAC 5761 127 0.95 <DL 3.52 410 13.28 36.65 45,97

*by difference: 0%=100%-(C+H+N+ash)%; <DL=below detection limit

Table 3. Total mineral matter fraction (based on XRF) expressed as elements and Ca as CaO.

HAC CAC S-HAC S-CAC
Formula Element (%) Element (%) Element (%) Element (%)

Na 0.11 0.19 2.35 2.76
Mg 1.88 5.58 2.09 5.22
Al 0.10 0.19 0.11 0.22
Si 1.03 1.17 0.81 1.03
P 0.48 4.89 0.48 4.06
S 0.33 0.39 0.80 0.58
Cl 0.02 0.15 ND 0.03
K 13.80 17.00 6.66 8.13
Ca 9.40 4.35 10.20 3.72
Ti trace 0.01 trace 0.01
Cr 0.01 trace 0.01 trace
Mn 0.02 0.05 0.02 0.04
Fe 0.21 0.46 0.24 0.42
Ni trace 0.03 ND 0.03
Cu 0.03 0.04 0.03 0.04
Zn ND 0.01 0.01 0.02
Br trace ND ND ND
Rb 0.02 0.02 0.01 0.01
Sr 0.05 0.02 0.05 0.01
Ba ND ND trace ND
Pb ND ND ND ND

ND: not detected (<0.01%)
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The total amount of acidic groups present in the AC surface decreases after chemical pre-
treatment. The contribution to the decrease of the total amount of acidic groups for HAC and
CAC in S-HAC and S-CAC is mainly due to the decrease of carboxylic and phenolic groups.
For the lactone groups, after Na,S pre-treatment its content increases for S-HAC vs HAC and
results in a small decrease for S-CAC vs CAC (Table 4). The greatest changes found for S-
HAC and S-CAC due to the chemical pre-treatment is evidenced by the XPS results (Table
4): decrease in the oxygen atomic composition, C-O and C=0O functionalities, and an
increase in the carbon atomic composition and the Csp? relative concentration. This indicates
that the pre-treatment of chars with Na>S promotes the aromatization during subsequent
thermal treatment which is also reflected by the atomic ratio of O/C.

Table 4. XPS from the C1s deconvolution and Boehm titration results.

Adsorbent Acidic groups (mmol/g) Surface Relative concentration

materials Carboxyl Lactone Phenolic Total C 0 Csp? Cc-0 Cc=0
HAC 0.581 0.095 0.417 1.093 62.9 37.3 78.2 16.3 3.0
CAC 0.774 0.136 0.603 1.513 60.8 39.2 81.4 14.5 2.2
S-HAC 0.321 0.214 0.116 0.651 77.9 22.1 84.8 7.8 2.6
S-CAC 0.293 0.102 0.091 0486 725 275 90.5 6.7 1.3

The ATR-FTIR spectrum (Figure 1b) reveals more intense absorption peaks for CAC. For
HAC (Figure 1a) the weak bands located at 3639 cm™ correspond with O-H stretching
vibrations from isolated hydroxyl groups [63, 64]; 1373 cm™ is characteristic for phenol or
tertiary alcohol -OH stretch [65]; the several peaks between 850-610 cm™ can be attributed to
alcohol -OH out of plane bends [64, 65]. After the chemical pre-treatment process, the O-H
stretching vibration bands are less intense. The appearance of bands at 1251 cm™ and 998
cm* suggests the conversion of some alcohol to aromatic ethers [66]. CAC has peaks at 3188
cm™? (O-H stretching vibrations from isolated hydroxyl groups) [64], 1511 cm™ (aromatic
C=C-C vibration stretches) [64], 1385 cm™ (phenol or tertiary alcohol -OH stretches) [64],
1038 cm (primary alcohol C-O stretches) [64, 65], and several peaks among 900-620 cm™
(alcohol -OH out of plane bending) [64, 65]. Chemical pre-treatment of CAC leads to the
removal of almost all functional groups, just the band corresponding to primary alcohol C-O
stretch is observed.
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Figure. 1 ATR spectra (a) — HAC, —S-HAC, (b) — CAC, — S-CAC.

Figure. 2 depicts the nitrogen adsorption-desorption isotherms at -196°C for the studied
samples. For CAC the isotherm shape shows a sharply increase at low relative pressure of
p/po and reaches a plateau in a broad range of p/po. This shape is classified as Type |
isotherm, characteristic for microporous materials, having mainly narrow micropores [67].
However, for HAC, S-HAC and S-CAC the isotherm shape continuous increases until the
maximum relative pressure. These samples have a combination of Type | with Type IV
isotherms, characteristic of microporous and mesoporous materials [67]. The pre-treated S-
HAC and S-CAC lead to greater nitrogen uptake at the same value of relative pressure (p/po)
and more intense hysteresis loops during desorption, usually associated with capillary
condensation in the mesopores [67]. The more developed mesoporosity (Vmes and Vmes/VT
ratio), the higher micropore volume (Vpr), the larger superficial area (Sget) and the increased
total pore volume (V1) (Table 5) of S-HAC and S-CAC, compared to HAC and CAC, proves
that the pre-treatment of chars with Na2S produces more active sites, which is consequently
more developed into micro and mesopores during its steam activation [30]. It is interesting to
note that the modification of the chars with NaS leads to a decrease in the average micropore
size Lo,n2. Presumably, an increase in the mesopore volume is related to the removal of
inorganic constituents occupying mesopores due to the heat treatment with NaxS. This is
confirmed by lower ash content (32.4 vs. 25.8 wt.% for HAC and S-HAC, 43.7 vs. 36.5 wt.%
for CAC and S-CAC) in the pre-treated ACs compared to untreated samples (Table 2). In
addition, this process increases the volatilization and degradation of organic compounds
present at the carbon surface, which is in agreement with lower oxygen, volatile content and a
decrease in surface functionalities as indicated by the elemental, proximate analysis, Boehm
titration, XPS and ATR-FTIR results (Tables 2 and 4, Figure 1). The pore size distribution
determined by QSDFT method confirmed that S-HAC and S-CAC exhibit a more intense
maximum at a pore width of 0.57 nm than HAC and CAC (Figure 2b). Other maximum
centers are found at 0.79, 1.01, 1.54 nm for CAC; 0.85, 1.68, 3.38 nm for HAC; 1.01, 1.54,
3.70 nm for S-HAC and 1.01, 1.54, 3.38 mm for S-CAC, respectively.
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Figure 2. Nitrogen adsorption-desorption isotherms at -196°C (a) and QSDFT pore size distribution (b) for all

samples.

Table 5. Textural parameters for HAC, S-HAC, CAC and S-CAC.

e o ey el ey VOV | mim
HAC 438 0.250 0.168  0.082 0.33 0.84 0.166 976 0.34
S-HAC 494 0.326 0.189  0.137 042 0.77 0.172 860 0.40
CAC 428 0.204 0.165 0.039 0.19 0.81 0.140 778 0.36
S-CAC 537 0.294 0.205 0.089 0.30 0.74 0.160 800 0.40

The prepared ACs were also analyzed by sorption of CO> to characterize ultramicropores.
Figure 3 shows the CO. adsorption isotherms (a) and the pore size distribution determined by
the NLDFT method (b) in the range of ultramicropores. The ACs show a bimodal distribution
of ultramicropores size with maximum centers at 0.35 nm and between 0.52-0.55 nm for all
samples. The volume and average width of ultramicropores are greater for S-HAC and S-
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CAC compared with HAC and CAC. The surface area achieved for the narrow micropores is
between 778 - 976 m?/g (Table 5).
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Figure 3. CO; adsorption isotherms at 0°C (a) and NLDFT pore size distribution (b) for all samples.

3.2. Effect of initial metal ion concentration

Figure 4 depicts the effect of metal ion concentration on the adsorption capacity and removal
% of Ni and Co ions at 25°C. The ACs without chemical pre-treatment (HAC and CAC)
perform better than the Na.S treated, nevertheless their improved surface and pore size
characteristics. For these adsorbents, the adsorption capacity increases with initial metal ion
concentration and reaches a plateau, achieving values between 80-110 mg/g for both ions.
The removal % varies between 85-20% for Ni as a function of the initial concentration and
between 76-20% for Co. However, NaxS pre-treated ACs (S-HAC and S-CAC) show only a
slight increase in the adsorption capacity when the initial concentration rises, while the
adsorption capacity remains almost constant with values between 30-55 mg/g for Ni and 40-
50 mg/g for Co. Removal % in this case decreases with the increasing metal ion
concentration from 50-9% for Ni and from 47-11% for Co ions.
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Figure 4. Effect of initial metal ion concentration (a, b) Ni ions, (c, d) Co ions (adsorbent mass = 25 mg, V =50
mL, initial pH = 6, final pH = 7.7-8.7, T = 25 °C, shake speed 50 rpm, t = 24 h, particle size class >0.063 mm).

3.3. Adsorption isotherms modelling

Adsorption isotherms modelling is an important step to assess adsorption behaviour. At 25°C
the adsorption data are somewhat better described by the Langmuir-Freundlich model (Table
6), as well for Ni(ll) as for Co(Il). Only S-CAC for Ni(ll) and S-HAC for Co(ll) achieved
almost the same correlation coefficient for Langmuir-Freundlich and Langmuir models.
These results evidence that ACs surface is not completely homogeneous and the adsorption
can occur by a monolayer as by a multilayer process. In all cases, the separation factor (Rr)
is between 0-1, demonstrating a favourable adsorption process. As already demonstrated by
Figure 4, the maximum adsorption capacities (qm) are higher for CAC and HAC than for S-
HAC and S-CAC despite the former ACs have smaller surface area (Table 5), however they
have more surface oxygen functionalities (Table 4), being the dominating adsorption factor.
These results indicate that at low temperature, adsorption process of ACs from coffee and
cocoa seed husks is more related with surface functionalities than with pore structure
development.

3.4. Temperature effect

The effect of temperature on Ni and Co adsorption is depicted in Figures 5-6 respectively.
From these figures, the positive effect of temperature increase can be noticed but much more
for the NayS pre-treated ACs. For HAC the impact of the increased temperature on Ni is more
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pronounced than for CAC. For Co adsorption nor for HAC nor for CAC a really improved
adsorption can be noticed. In the case of S-HAC and S-CAC for Ni as well as for Co a
remarkable improvement of adsorption performance can be found. S-HAC and S-CAC
reached at 45°C adsorption capacities around 151 and 134 mg/g for Ni even greater than for
HAC and CAC respectively. For Co, 128 and 117 mg/g are found for S-HAC and S-CAC
again larger than for HAC and CAC respectively. At 35°C comparable adsorption amounts
are found for Ni (123 vs 125 mg/g and 107 vs 108 mg/g) for HAC vs S-HAC and for CAC vs
S-CAC. But this is not noticed for Co (101 vs 96 mg/g and 104 vs 88 mg/g), comparing HAC
vs S-HAC and CAC vs S-CAC. With the increase of temperature, the impact of surface
functionalities seems to decrease in favour of an improved accessibility into the AC structure;
S-HAC and S-CAC have higher developed pore volumes, meso- and micropores, than HAC
and CAC respectively (see further section 3.6).

Table 6. Isotherm parameters for Ni and Co ions at 25°C.

Carbon Ni Co
Langmuir Freundlich Langmuir- Langmuir Freundlich Langmuir-
Freundlich Freundlich
R? 09608 R? 0774 R?> 09948 R? 009738 R? 0843 R? 0.9885
HAC ¢, 9245 K¢ 4682 qm 8824 qgn 10172 Ke¢ 3471 gm 99.10
Ko 0259 n 6378 Ky 0227 K. 0146 n 4440 K 0.148
R 0.021- NLE 1.696 R 0.036- NLE 1.437
0.108 0.184
R?> 09898 R?> 0837 R?> 09972 R?> 0.9450 R? 0.788 R?  0.9955
CAC g, 10582 K¢ 4734 qnm 10283 gn 10757 K 33.07 gm 9841
Ko 0277 n 5718 Ky 0272 K. 0128 n 4057 K 0127
R.  0.02- nr 1264 R, 0.041- nr 1936
0.102 0.205
R 09499 R?> 0931 R? 09538 R? 09748 R? 0936 R2 0.9749
S-HAC q, 57.02 Ke 1843 (qu 6054 gn 5174 K¢ 1181 qu 52.20
K. 0086 n 4548 Ky 0.080 K. 0054 n 3559 K 0.053
R. 0.060- nr 0810 R, 0.093- nre 0.974
0.278 0.383
R 09969 R?> 0954 R? 09970 R?> 009689 R? 0947 R? 0.9739
S-CAC @, 4001 Kr 1031 qm 4047 qgn 46.03 Ke¢ 1653 qm  49.08
Ko 0057 n 3909 Kgr 0056 K. 0092 n 5061 K 0.087
R.  0.088- NLE 0.962 Re 0.057- NLF 0.780
0.368 0.267
197 —m— HAC 25°C 160 —m—S-HAC 25°C
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Figure 5. Effect of temperature for Ni ions (a) HAC, (b) S-HAC, (c) CAC, (d) S-CAC (m =25 mg, Co = 30-180
mg/L, V =50 mL, initial pH = 6, final pH = 7.5-8.8, shake speed 50 rpm, t = 24 h, particle size class >0.063

mm).
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Figure 6. Effect of temperature for Co ions (a) HAC, (b) S-HAC, (c) CAC, (d) S-CAC (m =25 mg, Co = 30-180
mg/L, V =50 mL, initial pH = 6, final pH = 7.5-8.8, shake speed 50 rpm, t = 24 h, particle size class >0.063

mm).
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3.5. Effect of adsorbent doses and temperature

The simultaneous evaluation of adsorbent doses and temperature was done for Ni (Figure 7)
and combined Ni and Co ion solutions (Figure 8), according to the initial concentration of
these species in the wastewater of the industrial acid leaching process. By increasing the
adsorbent doses from 25 to 37.5 mg/50 mL, an increment in the removal % of Ni is observed.
Further increase in adsorbent doses from 37.5 to 50 mg/50 mL (0.75-1.0 g/L) has no impact
for HAC and CAC samples, whatever the working temperature (25-45°C) is. However for S-
HAC and S-CAC at 25°C a sharp increase in Ni removal % can be noticed by increasing the
adsorbent doses from 25 to 50 mg/50 mL, both for single Ni solution and for the Ni-Co
mixtures. This sharp increase in Ni removal % at 35°C and 45°C is only noticed by
increasing the adsorbent dose from 25 to 37.5 mg/50 mL; further increase in adsorbent dose
from 37.5 to 50 mg/50 mL has for S-HAC and S-CAC no further impact. For all studied
adsorbents the best performance is found at 37.5 mg/50 mL and 45°C. Under these
conditions, Ni and Co ion concentrations left in the solution are between 0.2-0.1 mg/L for Ni
and lower than 0.01 mg/L for Co, achieving safe discharge standard levels for Co but not for

Ni [6, 9]. Removal % higher than 94% of Ni(ll) (Figures 7-8) and 98% of Co(ll) (Table 7)
were achieved.
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Figure 7. Effect of adsorbent doses and temperature on Ni removal % with Co Ni ions = 40 mg/L (a) HAC, (b)
S-HAC, (c) CAC, (d) S-CAC, (V =50 mL, initial pH = 6, final pH = 7.9-8.6, shake speed 50 rpm, t = 24 h,
particle size class >0.063 mm).

31



M. Hernandez Rodriguez et al. Water and Desalination Research Journal Vol. 3, No. 1; 2019

100 - 100 -
90 - 90 /
S ]
80 - 80 / /
g | |
704 . 704 /
S IS i
Z 60 Z 60
G G
T 50 S 50+
o o
§ x —m— HAC 25°C § 4w ;
g 4 i 2 —m—S-HAC 25°C
0] . :22 i:g ol ~e SHAC35%C
S-HAC 45°C
20 20
10 T T T T T T 10 T T T T T T
25 30 35 40 45 50 25 30 35 40 45 50
Adsorbent doses (mg) Adsorbent doses (mg/g)
(@) (b)
100 - 100 -
-~ —e
90 90 4
80 80 -
R 704 . 704 ]
X § l////
Z 60+ 5 604 o
G G
g 50 g 50
n":E’ 40 —m—cACc25°C| § 40 —m—S-CAC 25°C
—e-cac3sc| © ~ e S-CAC35°C
301 CAC 45°C 30 S-CAC 45°C
20 20 4
10 T T T T T T 10 T T T T T T
25 30 35 40 45 50 25 30 35 40 45 50
Adsorbent doses (mg/g) Adsorbent doses (mg)
(c) (d)

Figure 8. Effect of adsorbent doses and temperature on Ni % removal for a mixed Ni and Co solution (a) HAC,
(b) S-HAC, (c) CAC, (d) S-CAC (Co Ni =40 mg/L, Co Co=5 mg/L V =50 mL, initial pH = 6, final pH = 7.6 -
8.7, shake speed 50 rpm, t = 24 h, particle size class >0.063 mm).

3.6. Thermodynamic and kinetic parameters

Table 8 evidences the approximate thermodynamic parameters (according Equations 5 and
15, and reference 59) involved in the adsorption of Ni and Co in single ion solutions when the
temperature was increased from 25°C (298 K) up to 45°C (318 K). Considering the error for
the assumption of a dilute solution and neglecting ionic strength in using Liu approximation
[59] in the estimation of Keq, AH® is positive and AGP° is negative. The adsorption of the
metallic ion species has thus an endothermic and spontaneous nature. The AG° becomes
gradually more negative when the temperature increased from 25 to 45°C, which
demonstrates that the adsorption process is more favoured at higher temperatures (Figures 5-
6). The AHC determination gives different values depending on the equation used for Keq
estimation (Equations 5 and 15). Based on Ka (Equation. 15) AH® values are higher for HAC
and CAC compared to S-HAC and S-CAC values for both Ni and Co. Based on K_
(Equation. 5) this tendency was only found for Ni using HAC and S-HAC, for Co always the
reverse was found. In all cases AH° values are higher than 20 kJ/mol, pointing more to a
chemical bonding process [59].
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Table 7. Removal % for Co ions on Ni plus Co solution (C, for Co = 5 mg/L, C, for Ni =40 mg/L m = 37.5 mg,
pH = 6, V=50 mL, shake speed 50 rpm, t = 24 h).

Temperature 25°C
Adsorbent Material Ce (mg/L) Removal %

HAC 0.267 94.48
CAC 0.114 97.11
S-HAC 0.423 91.79
S-CAC 1.017 81.57
Temperature 35°C
HAC <0.10 >08.93
CAC <0.10 >08.93
S-HAC <0.10 >08.93
S-CAC <0.10 >08.93
Temperature 45°C
HAC <0.10 >08.93
CAC <0.10 >08.93
S-HAC <0.10 >08.93
S-CAC <0.10 >08.93

Table 8. Thermodynamic parameters for ACs.

Ni Co

AH° AS° AG° kd/mol AH° AS° AG° ki/mol

kJ/mol  J/molK 25°C 35°C 45°C kd/mol  J/molK  25°C 35°C 45°C

Based Ka (Eg. 15)

HAC 30.32  178.99 -23.04 -2477 -26.62 4798 230.95 -21.02 -22.76 -25.67
CAC 34.28  193.27 -23.14 -25.62 -26.98 6527  290.02 -2140 -2352 -27.23
S-HAC 2324 148.30 -21.03 -22.28 -24.01 28.00 162.96  -20.70 -21.90 -23.98
S-CAC 3218 173.02 -19.50 -20.84 -2298 5535 258.11 -21.80 -23.65 -27.00

Based K. (Eqg. 5) (after multiplying with 1000 and with the atomic weight of Ni or Co [59]

HAC 74.73  331.45 -23.86 -27.73 -3047 3888 20524 -2245 -2398 -26.58
CAC 37.04  205.67 -24.02 -26.77 -28.11 5046  243.08 -22.11 -24.12 -26.99
S-HAC 65.18  287.59 -21.13 -22.08 -26.97 39.33 198.24  -19.99 -21.21 -23.99
S-CAC 4766  225.96 -20.11  -21.01 -2469 57.70  263.17 -21.29 -22.12 -26.64

The kinetics study was also performed for Ni in single and combined elemental solutions (Ni
and Co) according with their concentration in the wastewater for an industrial acid leaching
process. Figure 9 shows that the increment of temperature favours the adsorption kinetics of
Ni ions. The equilibrium at 25°C is reached very fast for HAC within 1 hour and for S-HAC
within 2 h of contact time, while it takes 3 h for CAC and even 5 h for S-CAC. At higher
temperatures (35 and 45°C) the equilibrium time reached is again faster and is, like for HAC,
again within 1 hour and for all others within 2 h. Kinetics of Co ion on combined elemental
solutions (Figure 10) at low concentration (5 mg/L) occur also very rapidly achieving
equilibrium even within 2 h at 35 and 45°C for all studied adsorbents. At 25°C it takes 2 h for
HAC and S-HAC, but 3 h for CAC and S-CAC. During kinetic processes the pH increases
from 6 to values between 8.0-8.5 after 5 h of contact time.
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The difference in kinetic behaviour seems to be related with surface functionalities, as the
increment of gei 1S more sharply for HAC and CAC at 25°C than for S-HAC and S-CAC. At
35 and 45°C the difference in gwi is less pronounced and thus in agreement with temperature
effect results (Figures 5-6). As stated in section 3.4 with the increment of temperature, the
role of surface functionalities seems to decrease in favour of an improved accessibility into
the AC structure with better pore development and higher surface area for the NaoS treated
ACs. In addition, the mesopores play an important role providing the degree of accessibility
to the micropores, in this case the ACs with higher contribution of mesopores (HAC and S-
HAC) adsorb faster than CAC and S-CAC (Table 5). Also, the granulometric characteristics
of adsorbent materials could be a key parameter in the equilibrium time. The adsorbent size
distribution for AC based on coffee husks is mainly among 1-0.5 mm but AC from cocoa
husks is mostly between 2-1 mm (Table 1), this increases the diffusion path length of the ions
to achieve the adsorption sites.
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Figure 9. Adsorption kinetics of single Ni and mixed Ni and Co solutions (a) HAC, (b) S-HAC, (c) CAC, (d) S-
CAC (m=37.5mg, Co Ni =40 mg/L, Co Co =5 mg/L V =50 mL, initial pH = 6, final pH = 8.0-8.5, shake speed
50 rpm, particle size class >0.063 mm).
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Figure 10. Adsorption kinetics of Co from Ni+Co solution (a) 25°C, (b) 35°C, (c) 45°C (m = 37.5mg, Co Ni =
40 mg/L, Co Co =5 mg/L V =50 mL, pH = 6, shake speed 50 rpm).

Kinetics parameters for Ni ions in single and combined elemental solutions (Ni and Co) were
obtained by fitting kinetic data with pseudo-first and pseudo-second order models (Table 9).
HAC, CAC, S-HAC and S-CAC show very good agreements with pseudo-second order
model for temperatures at 35 and 45°C, as well for single as for combined metal ion
solutions. For both single and combined ion solutions at 25 °C nor pseudo-first nor pseudo-
second Kinetics gives real acceptable correlation coefficients, the reason for this is unclear.
For S-HAC at 25°C pseudo-second order model for single Ni and combined solutions
demonstrate a good to acceptable correlation value. However for CAC in combined ion
solution similar fitting results are obtained for both pseudo-first and pseudo-second order
model and an acceptable correlation coefficient for single Ni ion solution following the
pseudo-second order model. In the case of S-CAC at 25°C in the single metal ion solution
similar fitting results are obtained for both pseudo-first and pseudo-second order model.
Pseudo-second order fittings for Ni ions in single solution are shown in Figure 11. The rate of
adsorption is always in the order HAC > S-HAC >> CAC > S-CAC. The chemical pre-
treatment reduces the rate of adsorption. The higher the temperature the smaller the
difference in rate is for the first three adsorbents. The rate of adsorption clearly increased as a
function of temperature, this is more pronounced for the single metal than for the bi-metal ion

solution.
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Figure 11. Pseudo-second order fitting for Ni solution (a) 25°C, (b) 35°C, (c) 45°C (m = 37.5 mg, Co Ni =40
mg/L, V =50 mL, pH = 6, shake speed 50 rpm).

Obtained Figure 9d for S-CAC at 25°C shows also a totally different global adsorption trend
compared to the other Figures 9a-c. This could possibly be explained by the lower amount of
oxygen surface functionalities as is determined via Boehm titration and XPS results (Table
4), which are decisive in the adsorption process at low temperature. The best fit by the
pseudo-second order model suggests that the rate-limiting step could be chemisorption
promoted either by covalent forces, through sharing or exchanging electrons. This
mechanism of adsorption is improved with the increase of temperature. However, lower k»
values are achieved for CAC and S-CAC. Based on Table 5, for CAC and S-CAC, the
Vmes/ VT ratios are the lowest, compared with HAC and S-HAC where Vmes/V ratios are the
highest. These results confirm that both surface functionalities and contribution of mesopores
affect the kinetics behaviour.

In order to measure the impact of the diffusion process (through bulk solution, film boundary
or intra-particle concept), a series of agitation and particle size variation experiments were
done at 25°C. As agitation decreases the thickness of boundary layer diffusion and smaller
particle size decreases the length path for diffusion through pores in the adsorbent, a change
in the plots of gt vs time should be expected if diffusion process is an important rate
controlling step [68]. Figures 12-13 show the kinetics performance of Ni in single and bi-
elemental solutions (Ni and Co) at different agitation speed (50, 75 and 100 rpm; for
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adsorbent size particles within the range 0.063-2 mm) and granulometric size (1-2 mm, 0.5-1
mm and 0.5-0.125 mm; all at 50 rpm) of adsorbent materials. For all adsorbents, the kinetic
behaviour of Ni ions at different shake speed remains almost identical within the studied
agitation speed 50-100 rpm (Figure 12). In the case of particle size, when smaller particle size
is used in the adsorption process, only for CAC and S-CAC a faster increment in g: during an
intermediate period between 25-50 min and the first 200 minutes could be observed (Figure
13), which was not that obvious for HAC and S-HAC, however equilibrium time did not
change.

Table 9. Kinetic parameters for ACs at different temperatures.

Ni (single solution) Ni -Co solution
Carbon  Pseudo-first  Pseudo-second Pseudo-first Pseudo-second
order order order order
At 25 °C
HAC R?2 0.6368 R? 0.9730 RZ 0.8157 RZ  0.9658
ki 0.0140 k, 9.9E-04 ki 0.0140 ko  7.2E-04
CAC RZ 09104 R? 0.9748 RZ 0.9884 RZ  0.9628
ki 0.0230 k, 2.5E-04 ki 0.0152 k.  1.5E-04
S-HAC RZ 0.8202 R? 0.9932 RZ 0.8663 RZ  0.9850
ki 0.0175 k, 8.4E-04 ki 0.0244 ko 6.7E-04
S-CAC R?Z 09624 R? 0.9678 RZ 0.7829 RZ 0.7638
ki 0.0143 k, 2.2E-04 ki 0.0173 k.,  7.2E-05
At 35 °C
HAC RZ 0.7664 R? 0.9993 RZ 0.9050 RZ  0.9991
ki 0.0134 k, 2.5E-03 ki 0.0157 k.  1.7E-03
CAC R?2 0.9540 R? 0.9989 RZ 0.9493 RZ  0.9991
ki 0.0177 k, 1.2E-03 ki 0.015 k.  9.7E-04
S-HAC RZ 07719 R? 0.9994 RZ 0.6817 RZ  0.9992
ki 0.0147 k, 2.3E-03 ki 0.0145 k.  1.6E-03
S-CAC RZ 09751 R? 0.9990 RZ 0.9283 RZ  0.9985
ki 0.0168 k, 9.9E-04 ki 0.0159 k.,  8.9E-04
At 45 °C
HAC RZ 0.8067 R? 0.9996 RZ 0.8471 RZ  0.9982
ki 0.0117 k, 3.3E-03 ki 0.0120 k.  1.8E-03
CAC R?2 0.8753 R? 0.9995 RZ 0.9362 RZ  0.9991
ki, 0.0175 k, 2.1E-03 k. 0.0193 ko 1.1E-03
S-HAC R? 0.8752 R? 0.9994 R? 0.9200 RZ  0.9998
ki 0.0184 k, 2.5E-03 ki 0.0124 k.  1.7E-03
2 2 2 2
S-CAC R? 0.8710 R? 0.9991 R? 0.9327 R 0.9938

ki 0.0136 k» 1.4E-03 ky 0.0170 k2 9.4E-04

According to Worch [69] the adsorption kinetics is determined by the main following stages:
(1) transport of the adsorbate from the bulk liquid phase to the hydrodynamic boundary layer
localized around the adsorbent particle, (2) transport through the boundary layer to the
external surface of the adsorbent, (3) diffusion of molecules inside the pores, and (4)
energetic interaction between the adsorbate molecules and the final adsorption sites. So even
when the decrease of the particle size increases the surface contact between the adsorbate and
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the adsorbent and the first two stages can be improved, the diffusion inside the pores depends
on the mesoporous characteristics. The mesopores act as transport routes to reach the
micropores, explaining why for CAC and S-CAC Ni ions reach slower the final adsorption
locations than for HAC and S-HAC (Vwmes/ VT ratios are the highest). However, it is clear that
the Ni ion uptake is more sensitive to the increment of temperature (Figure 9) than with the
variation of agitation speed or adsorbent granulometric size (Figures 12-13). As a conclusion,
for all ACs kinetics, the mechanism is rather controlled by chemisorption characteristics.
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Figure 12. Adsorption Kkinetics at different shake speed (a) HAC, (b) S-HAC, (c) CAC, (d) S-CAC (m=37.5
mg, Co Ni =40 mg/L, Co Co =5 mg/L V =50 mL, initial pH = 6, final pH = 8.0-8.5, T = 25 °C, particle size
class >0.063 mm).

3.7. Activation energy results

The activation energy (Ea) for Ni ion adsorption obtained by fitting In ko (as the pseudo-
second order model is to be preferred) vs 1000/T for the single element solution system is
presented in Table 10, including the estimated errors. In spite of the low correlation value of
Arrhenius’s equation (<0.95), an activation energy value for Ni adsorption is for all ACs
greater than 30 kJ/mol which rather confirms that the controlling step is chemisorption and
not physisorption [68, 70, 71], which is strongly dependent on temperature. For S-HAC the
Ea (43.6 kJ/mol) minus the error (20.2) gives 23.4 kJ/mol, but with a low correlation
coefficient value and considering the thermodynamic (Table 8) and the pseudo-second order
kinetic model results (Table 9), it is possible to keep the chemisorption controlling step. As
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varying agitation speed and adsorbent granulometric size (Figures 12-13) have little effect on
the Ni ion uptake, the kinetic behaviour is explained by a “surface enhancement” and thus a
possible increased number of adsorption sites [68].

The Ea order is: CAC > S-CAC > HAC > S-HAC, which is the inverse of the Vimes/V ratio
order consistent with the more difficult accessibility of the final adsorption sites. There is no
relation between Ea order and the total amount of acidic groups (Table 3): CAC >HAC >S-
HAC >S-CAC nor with the Sger surface area order (Table 4): S-CAC > S-HAC > HAC >
CAC.
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Figure 13. Adsorption kinetics at different granulometric size (a) HAC, (b) S-HAC, (c) CAC, (d) S-CAC (m =
37.5mg, Co Ni =40 mg/L, Co Co =5 mg/L V =50 mL, initial pH = 6, final pH = 8.0-8.5, T = 25 °C, shake
speed 50 rpm).

Table 10. Parameters from Arrhenius equation.

Arrhenius equation parameters

Carbon

Ea (kJ/mol) A R?
HAC 48.3+13.4 3.22E+05 0.9285
CAC 84.7+21.3 2.06E+11 0.9409
S-HAC 43.6+20.2 4.26E+04 0.8238
S-CAC 57.8+25.9 4.96E+06 0.9184
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3.8. Roll of the mineral matter in the adsorption mechanism

It is known that the presence of inorganic impurities in AC, leached during adsorption
process, could affect its adsorption behaviour [72]. Table 11 shows the content (%) of Na, K,
Ca and Mg in the adsorbents and in the solution after the adsorption process, using ACs with
and without 0.1 N HCI leaching process. The ACs, pre-treated with Na»S solution, show an
increase in Na due to this treatment and the milli-Q washing procedure additional resulting in
a strong decrease in K content and a slight decrease in Ca and Mg. After adsorption tests with
Ni and Co most of the K and Na present in the carbon are released and thus exchanged with
both metal ions. For Ca and Mg less exchange takes place (Table 11). In other words, an
adsorption mechanism can also partly be proposed through ionic exchange.

In order to clarify if ionic exchange is important in adsorption mechanism, the ACs were
subjected to a leaching process with a 0.1 N HCI solution during 48 h and washed with Milli-
Q water until no significant changes is solution pH is observed. After being dried at 110°C,
the AC materials were used for a new adsorption test at the following conditions: 37.5 mg, 50
mL, 45°C, pH = 6 in Ni plus Co solution with initial concentration at 40 mg/L and 5 mg/L
respectively. After leaching the ACs with 0.1 N HCI solution, the content of Na and K in AC
matrix is <0.05 %, the Ca and Mg are present in concentrations between 0.23 - 0.78 % and
0.18 - 0.48 %, respectively. Only for HAC and S-HAC Mg is still released towards the
solution, but its content is lower than 0.1 %, evidencing that most of the Na, K, Ca and Mg
are already leached during the pre-treatment with 0.1 N HCI solution. However, in all cases,
using ACs with and without 0.1 N HCI leaching process, the removal % for Ni and Co ions
were similar to the one achieved in the Figures 7-8, > 97 % of Ni(ll) and > 98 % of Co(ll),
meaning that the content of Na, K, Ca and Mg does not have any impact on the adsorption
process.

Table 11. Na, K, Ca and Mg content (%) in AC and solution after adsorption process at 45°C.

Metallic species present in the AC Metallic species present in the solution after
Carbon Na % K % Ca % Mg % Na % K%  Ca% Mg %
HAC? 0.09 5.74 5.64 1.43 0.07 5.19 0.89 0.19
CAC? 0.19 7.32 2.83 211 0.13 6.06 0.17 0.48
S-HAC? 1.37 2.79 5.45 1.07 0.95 2.06 0.94 0.22
S-CAC? 2.13 4.44 2.58 2.04 1.12 2.96 0.22 0.69
HAC®P <0.05 <0.05 0.78 0.21 <0.05 <0.05 <0.05 0.09
CACP <0.05 <0.05 0.39 0.48 <0.05 <0.05 <0.05 <0.05
S-HACP <0.05 <0.05 0.64 0.18 <0.05 <0.05 <0.05 0.07
S-CACP <0.05 <0.05 0.23 0.26 <0.05 <0.05 <0.05 <0.05

4 AC without 0.1 mol/L HCI leaching process, °: AC previously leached with 0.1 mol/L HCI solution

3.9. Adsorption of Ni and Co ion in multi-element solution

Adsorption tests in a multi-element solution were performed simulating the concentration of
metal ions in the wastewater from the industrial acid leaching process: 40 mg/L of Ni(ll), 5
mg/L of Co(ll), 1062 mg/L of Mg(ll) and 1858 mg/L of Mn(ll). The experiments were
carried out at 45°C (temperature selected according to the better results in single and
combined solution mode tests) at different adsorbent doses and shown in Table 12. The
affinity of studied ACs for metal ion uptake follows the order:
Ni(I)>Co(Il)>Mn(11)>Mg(Il). Adsorption tests were performed for 1.25 and 2.5 g/L
adsorbent dose.
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Improved removal for Ni(ll) of 12.8% and for Co(ll) of 4.4% was measured for S-HAC
compared to HAC in the presence of Mn(11) and Mg(ll) using 1.25 g/L. Almost no improved
adsorption of Mg(Il) and Mn(Il) could be noticed for S-HAC compared to HAC. In contrast,
for S-CAC an increase in the removal of Mn(ll) with 11.7% is found and for Mg(ll) an
almost 3.7% increase is noticed compared to CAC. However no improved adsorption for
Ni(Il) could be measured. In contrast, for Co(ll) an almost comparable removal increase of
2.8% could be detected for Co(ll) as found for S-HAC but still less than half what is found
for S-HAC.

At adsorbent doses of 2.50 g/L the final solution pH increased to a value > 9.0 when HAC
and CAC is used, causing a precipitation of heavy metal ions and diminishing the real value
of ge and removal (%). The removal % and adsorption capacities shown in Table 12 under
this condition where adjusted for the amount of metal ions that precipitated. The increase in
pH is a drawback compared to S-HAC and S-CAC. S-HAC demonstrates a removal % of
Ni(ll) and Co(ll) of 69.27 and 48.68 % respectively without an increase in pH, exceeding far
the 38.83 and 27.49 % achieved with S-CAC respectively. S-HAC seems therefore more
interesting for the adsorption/removal of Ni(ll) and Co(lIl). However for S-HAC and S-CAC
also a substantial increase in removal % for Mn can be observed of 6.8% and 9.3%
respectively. For Mg a much smaller increase removal % can be conducted of only 1.2 and
2.1% respectively.

The Ni and Co removals follow the order: S-HAC > HAC > S-CAC > CAC at adsorbent
doses of 2.50 g/L, the same order as the mesoporosity development order (Vmes/VT ratio) and
inversely to the Ea order found for Ni ion. These results prove that the Na>S pre-treatment has
a positive effect in the removal of Ni and Co in the presence of high amounts of Mg and Mn
in industrial wastewaters. Additionally S-HAC and S-CAC allow the recovery of Ni(ll) and
Co(ll) ions at higher adsorbent doses without heavy metal precipitation, which is in view of
industrial application also interesting.

Table 12. Adsorption results in multi-element solution.

Adsorbent Final Ni Co Mn Mg
Carbon doses pH ge R % ge R % ge R % ge R %
(9/L) (mg/g) (mg/g) (mg/g) (mg/g)
HAC 738 623 3914 068 3391 122.08 1643 2468 581
CAC 1.25 733 397 2497 027 1361 3268 440 1024 241
S-HAC 708 827 5198 077 3830 12060 1623 27.28 6.42
S-CAC 715 378 2376 033 1646 11992 1614 2588  6.09
HAC 9.03 410 5159 038 3722 80.68 2171 11.68 550
CAC 250 922 301 3789 025 2513 4790 1286 862 406
S-HAC 722 551 6927 049 4868 104.10 2801 1434 6.75
S-CAC 731 309 3883 028 2749 8246 2219 1312 618

4. Conclusions

The role of surface chemistry and textural characteristics of ACs from coffee and cocoa seed
husks in the adsorption of Ni and Co ions was studied. Chemical pre-treatment of ACs with
Na>S improved the adsorption performance at higher temperature more than the untreated
ACs. The adsorption of the ionic species is endothermic and spontaneous in nature. Both
surface functionalities and mesopore development affect the kinetics being a chemisorption
process in nature. At low temperature, in single metal-ion-solution, the adsorption process is
more related with surface functionalities. But, with the increment of temperature an improved
accessibility into the structure of AC with high contribution of mesopores enhanced the
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adsorption performance of ACs. At high dosage and in multi-element solutions containing
Ni(I1), Co(ll), Mn(ll) and Mg(ll) ions, the adsorption of Ni and Co by S-HAC compared to
HAC and S-CAC demonstrates an increased removal % for Ni and Co with low adsorption
tendency increase for Mn and Mg and no precipitation of Ni and Co, being very interesting
for industrial applications.
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