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Abstract
In the paper spent coffee grounds were used as a precursor to obtain activated carbons. The raw material was impregnated 
with phosphoric acid(V) at the different impregnations ratios: 0.5, 1, 1.5, 2. Carbonization was carried out according to two 
procedures differing in activation atmosphere (N2 or CO2). The obtained activated carbons were characterized on the basis 
of low-temperature nitrogen adsorption/desorption, thermal analysis, potentiometric titration method, X-ray diffraction, 
Raman spectroscopy and scanning electron microscopy. Carbons obtained according to procedure 2 (activation in CO2) 
were characterized by better developed porosity, e.g. surface (SBET to 720.9 m2/g) and pore volume (Vp to 0.334 cm3/g). All 
obtained carbons had surface acidic (mainly carboxyl) groups and exhibited the amorphous structure. The thermal analysis 
showed that the obtained materials were thermally stable up to the temperature ~ 420 °C.
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Introduction

The dynamic development of modern civilization along 
with the increasing amount of consumption generates a 
huge problem of wastes, which is a real threat to the natural 
environment and human health. Due to the fact that we are 
not able to prevent completely their production, the focus 
is made on the effective methods of recycling or reusing 
solid residues. Currently, the main way to get rid of wastes 
is their disposal on the landfills. However, their storage can 

cause serious environmental problems such as water and soil 
pollution (Nowicki et al. 2016; Kostecka et al. 2014). There-
fore solutions that could lead to reduction in the amount of 
wastes or their reuse are searched for. One of the available 
solutions for the organic materials application is to process 
them into carbon materials, i.e. activated carbons (Zielińska 
et al. 2015) or carbon-mineral ones (Leboda et al. 2005; 
Skubiszewska-Zięba et al. 2012) by means of the pyrolysis 
procedure.

Activated carbons are produced from a variety of materi-
als containing elemental carbon in organic combinations. 
Therefore, the raw materials should be characterized by the 
largest content of elemental carbon, the small content of 
volatile and inorganic substances as well as high mechanical 
and thermal resistance. For economical reasons the addi-
tional advantages are availability and low price. For pro-
duction on a commercial scale, wood, lignin, peat, coconut 
shells are most often used (Alslaibi et al. 2013; Zielińska 
et al. 2015). In recent years the attempts have been made to 
obtain activated carbons from various types of waste materi-
als, including fruit stones, corn cobs as well as solid coffee 
wastes (Ioannidou and Zabaniotou 2007; Reffas et al. 2010; 
Baquero et al. 2003).

Currently coffee is the second most valuable commod-
ity listed on the world stock exchanges after crude oil (Illy 
2002). It is very important for the production economy, 
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among others, in such countries as, Brazil, Colombia, 
Mexico and other. Solid wastes such as coffee husks, coffee 
beans with defects or used coffee grounds create a number 
of problems that are primarily associated with their disposal, 
because they are produced in very large quantities (Franca 
and Oliveira 2009). Therefore actions aimed at reusing solid 
residues help to solve the problem of managing their signifi-
cant amounts.

The properties of the obtained carbon materials are 
strongly associated with their structure which is determined 
by the type of starting material, the type of activating factor 
and the conditions of the pyrolysis process (Benaddi et al. 
1998; Hesas et al. 2013; Jankowska et al. 1991). In the case 
of chemical activation, the starting material is impregnated 
or mixed with the activating agent. The most commonly used 
activating factors include, inter alia, HNO3, H3PO4, NaOH 
or ZnCl2 (Jankowska et al. 1991). Activators generally act 
as drainage, oxidizing and degrading agents. The activating 
agent introduced into the interior of the precursor particles 
during the impregnation step reduces the release of volatile 
substances at the same time hindering the particles contrac-
tion. In this way, the conversion of the precursor to activated 
carbon proceeds efficiently. Removal of an excessive acti-
vating agent and by-products resulting from the pyrolysis 
process during the washing step leads to a material with a 
well-developed surface and a porous structure (Girgis and 
El-Hendawy 2002).

Phosphoric acid(V) is one of the most commonly used 
activating agents and it is characterized by two very impor-
tant functions: it supports/promotes the pyrolytic trans-
formation of the starting material and participates in the 
organization of the cross-linked structure of carbonaceous 
material. According to the literature data (Liou and Wu 
2009), the mechanism of the starting material activation 
using H3PO4 can take place in three stages:

1.	 decomposition of organic matter into semi-finished 
products with a lower molar mass and release of gase-
ous, volatile substances in the initial stage of activation;

2.	 distribution of intermediate compounds—formation of 
tar and coal fraction. In this stage H3PO4 begins to break 
down;

3.	 char reaction with P2O5 causing opening/expansion of 
the pores.

In the case of activation with phosphoric acid, pyroly-
sis is most often carried out at temperatures of 400–700 °C 
(Baquero et al. 2003; Reffas et al. 2010), however, accord-
ing to the literature reports, a higher temperature range, up 
to 800 °C, is also often used (Arampatzidou and Deliyanni 
2016; Kang et al. 2011).

Studies on the mechanisms of activation process are also 
proposed by Li et al. (2015). They stated that H3PO4 acts 

as an acid catalyst to promote bond cleavage reactions and 
as a reactant in the formation of crosslinks via the cycliza-
tion and condensation processes. H3PO4 could also com-
bine with organic matter in bio wastes to form phosphate 
and polyphosphate bridges that connect and crosslink poly-
mer fragments. Moreover, some of these phosphate groups 
remain on the carbon surface after the washing step. They 
proposed a likely activation mechanism (Eqs. 1–6) and 
described the changes that the acid undergoes in the specific 
temperature ranges:

•	 In the temperature range 100–400 °C:

The adsorbed water is released and H3PO4 dehydrated. 
As a result of the functional groups breakdown CO2 and 
CO are released.

•	 In the temperature range 400–700 °C:

As a result of H3PO4 dehydration, H2O is released, the 
resulting P4O10, as a strong oxidant, reacts with carbon to 
create new and widening existing pores, releasing CO2 and 
as a result of the surface functional groups decomposition 
CO is created.

•	 In the temperature range 700–800 °C:

PH3 is formed, the amounts of CO2 and CO released as a 
result of reactions and the breakdown of functional groups 
increase very intensively (Li et al. 2015). All these processes 
occur in the organic material pyrolysis stage.

Myglovets et al. (2014) claims that during the carboniza-
tion processes breaking of less stable bonds releases the vol-
atile fraction of raw material. The thermal degradation of the 
organophosphorus compounds as well as formation of vol-
atile phosphorous-containing compounds (phosphorus(V) 
oxide or elemental phosphorus) took place as a result of 
reduction of the phosphates. Then the carbon matter of basic 
porosity enriched in carbon rings is obtained. During activa-
tion carbon dioxide is usually preferred to steam because of 

(1)2 H3PO4 → H4P2O7 + H2O

(2)3 H3PO4 → H5P3O10 + 2H2O

(3)nH3PO4 → H
n+2PnO3n+1 + (n − 1) H2O

(4)H
n+2PnO3n+1 → P4O10 + H2O

(5)P4O10 + 2 C → P4O6 + 2CO2

(6)P4O10∕ P4O6 + CH
x
→ PH3 + CO2∕CO
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its low reactivity (ΔH > 0) that permits controlling oxidation 
rates so that uniform porosity is developed. The literature 
data concerning the oxidation protection provided by phos-
phorous compounds showed that the phosphorus compounds 
can evaporate from the carbon surface at temperatures higher 
than 800 °C (McKee 1991; Oh and Rodriguez 1993). For-
mation of elemental phosphorus was observed during the 
phosphoric acid activation of polymer fibers (Puziy et al. 
2002) and during pyrolysis of phosphorus-containing resins 
(Puziy 2011). The reaction products allow the surface to 
develop and create pores.

As it was shown (Puziy 2011) the activation at temper-
atures above 750 °C occurs spontaneously. A decrease in 
the yield at temperatures higher than 800 °C was observed 
for carbons prepared from other carbonaceous precursors, 
including various polymers and fruit stones. As follows from 
the literature data pyrolysis involves a series of both exother-
mic and endothermic processes (Yang and Roy 1996). Dur-
ing the pyrolysis process, organic matters are cracked down 
into smaller fractions which is an exothermic reaction (Yang 
and Roy 1996). As the temperature increases, secondary and 
volatile products are formed. Such reaction is endothermic 
(Oyedun et al. 2013; Yang and Roy 1996). The multi-stage 
pyrolysis process can save energy and the processing time 
enabling greater efficiency of carbon production (Lee et al. 
2017; Oyedun et al. 2013).

The aim of the paper was to apply solid coffee residues 
(spent coffee grounds) as precursors to obtain activated car-
bon. To activate the starting material, phosphoric acid(V) 
was used at various impregnation ratios. Carbonization of 
the starting material was conducted under different condi-
tions (N2 or CO2 atmosphere). The obtained activated car-
bons were characterized on the basis of low-temperature 
nitrogen adsorption/desorption, thermal analysis, potentio-
metric titration method, X-ray diffraction (XRD), Raman 
spectroscopy and scanning electron microscopy (SEM). It 
was shown that the proposed procedures made it possible to 
obtain microporous active carbons with a developed surface, 
having surface functional groups mainly of acid nature. The 
research shows that the structure of the materials changed 
after the H3PO4 activation. This indicates that phosphoric 
acid promotes transformation of carbon matter to the ther-
mally stable one. The thermal stability of the products 
depends on the presence of activating agent (CO2).

Experimental

Materials and methods

All used reagents: methanol (Merck) as well as phosphoric 
acid(V) (85  wt%, d = 1.71  g/cm3), HCl (35%), NaOH, 

Na2CO3 and NaHCO3 are analytical grade obtained from 
Standard (Poland).

Preparation of starting material

Spent coffee grounds (Arabica) were collected from house-
holds. The starting material was washed with redistilled 
water to remove impurities from various coffee brewing 
processes and dust. Then they were dried at 100 °C for 24 h. 
The 1–2 mm fraction was used for further research.

Impregnation of starting material

The dried and sieved material was impregnated with 
phosphoric acid(V) at the different impregnation ratios. 
The amount of H3PO4 was characterized by the degree of 
impregnation (I) determined by the formula (Eq. 7):

where ma—the mass of acid (H3PO4) determined using the 
acid density (g), mp—the mass of precursor (g).

For impregnation, the waste material (100 g) was placed 
in a beaker. The specified amount of acid was diluted with 
redistilled water to a volume of 150 ml. The prepared solu-
tion was added to the material. There were used the follow-
ing impregnation degree values: 0.5; 1; 1.5; 2. To increase 
the penetration of the material through the acid, the ultra-
sonic assistance was applied in three 10-min cycles, fol-
lowed by a 10-min break. Then the beaker with the impreg-
nated material was placed on a shaker (30 °C/24 h/60 rpm). 
After 24-h impregnation the material was rinsed with a small 
amount of redistilled water (400 ml, to remove acid from the 
intergranular spaces) and then dried (100 °C/12 h).

Carbonization

Carbonization was carried out according to the following 
temperature program:

•	 20–400 °C: temperature rise by 10 °C/min
•	 400 °C: annealing of the sample for 1 h
•	 400–800 °C: temperature rise by 10 °C/min
•	 800 °C: annealing of the sample for 3 h
•	 cooling: 1 h

Carbonization was conducted in two variants. The first 
variant (procedure 1) was conducted in a nitrogen atmos-
phere (nitrogen flow 150 ml/min). In variant 2 (procedure 
2) at 800 °C CO2 was used as an oxidizing agent. The aim 
of CO2 application was the additional surface development.

(7)I =
ma

mp

,
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The determinations of the obtained samples are as 
follows:

–	 the number in the sample name indicates the impregna-
tion ratio (I), i.e. 0.5, 1, 1.5, 2;

–	 the subscript number indicates the procedure number, 
i.e. 1 or 2.

For example, AC-0.52—indicates that the sample was 
obtained using an impregnation ratio of 0.5 and procedure 
2.

For comparison the starting waste material was also 
subjected to pyrolysis according to procedure 1 (without 
the impregnation, designated as AC).

After pyrolysis the activated carbons were washed with 
hot distilled water to obtain a neutral pH. After washing 
the obtained materials were dried at 100 °C for 12 h.

The carbonization process of impregnated materials 
was conducted using the multi-stage pyrolysis (1-h iso-
thermal stage at 400 °C). In the conducted research it was 
necessary to slow down the pyrolysis process due to the 
formation of significant amounts of by-products (in the 
form of vapours). This effect was precisely achieved by 
using an isotherm at 400 °C.

Methods

Nitrogen adsorption/desorption

Porous structure characteristics were determined for the 
obtained materials using the low-temperature nitrogen 
adsorption–desorption (77.2 K, Micrometrics, ASAP 2405, 
Norcross, GA, USA). The specific surface area (SBET) was 
determined according to the Brunauer–Emmett–Teller 
equation (BET) (Gregg and Sing 1982). From the iso-
therms shape at a relative pressure of p/p0 ~ 0.99 the total 
volume of sorption pores (Vp) was determined. The pore 
size distribution—PSDV (dV/dR = f(R)) was calculated 
based on the nitrogen adsorption data. The SCR method 
(self-consistent regularization procedure under the non-
negativity condition (f(Rp) > 0 at any pore radius R) was 
used for the calculations (Gun’ko and Mikhalovsky 2004; 
Gun’ko and Turov 2013; Gun’ko 2014). The value of the 
regularization parameter was α = 0.01. A slit-like pores 
model, typically used for the analysis of structural char-
acteristics of carbon adsorbents was assumed (Gun’ko 
and Mikhalovsky 2004; Gregg and Sing 1982). The share 
of micropores (Smicro, Vmicro, Rp < 1 nm) and mesopores 
(Smeso, Vmeso, 1 nm < Rp < 25 nm) was determined based 
on the obtained data (Gun’ko and Do 2001; Gun’ko and 
Turov 2013; Gun’ko 2000).

Thermal analysis

To assess the thermal stability of the obtained activated car-
bons, thermal analysis was performed (Derivatograph-C, F. 
Paulik, L. Erdey, MOM, Budapest, Hungary). Measurements 
were made in an air atmosphere in the temperature range of 
20–800 °C with a temperature rise by 10 °C/min. Al2O3 was 
used as the reference substance. The weights of the tested 
samples were about 30 mg. TG, DTG and DTA curves were 
recorded during the analysis. The initial waste material (sam-
ple designated Spentini) as well as the carbons obtained from 
non-impregnated (sample AC) and impregnated (AC-Iprocedure) 
wastes were tested.

Bulk density

Bulk density determination procedures are given in relevant 
standards (ASTM D2854-09 2014). In the presented investiga-
tions in order to determine the bulk density (ρ) in the measur-
ing cylinder with a volume of 10 cm3, activated carbon sam-
ples were placed so that they occupied a volume in the range 
of 2–4 cm3. Before testing, the mass of each sample (ms) was 
precisely recorded. Then the cylinder was tapped against a 
hard surface about 50 times to “compact” the carbonaceous 
material and the volume (Vp) was read. The analysis was 
repeated three times for each sample. The bulk density was 
calculated based on the equation:

where ρ—the bulk density (g/cm3), ms—the sample mass 
(g), Vp—the volume of the sample (cm3).

Total pore and macropore volumes

In order to determine the total pore (Vtotal) and the macropore 
(Vmacro) volumes, a method of filling the pores of the tested 
material using methanol was used. Each of the activated car-
bons was prepared in an amount of 3 representative samples 
weighing about 0.2 g. Then methanol was added using a 1 
cm3 glass burette until a compact carbon sample structure was 
obtained. This condition corresponds to the filling of meso- 
and macropores as well as inter-grain spaces. For the methanol 
to penetrate thoroughly into the pores, the whole process was 
supported by ultrasounds. Based on the obtained results the 
total pore volume (Vtotal) and the macropore volume (Vmacro) 
were determined in accordance with the relationships (Eqs. 8, 
9). The above figures were calculated using the formulae:

� =
ms

Vp

,

(8)Vtotal =
VMeOH

ms

,



4707Applied Nanoscience (2020) 10:4703–4716	

1 3

where Vtotal—the total pore volume (cm3/g), VMeOH—the 
methanol volume (cm3), Vmacro—the macropores volume 
(cm3/g), Vp—the sorption pore volume (cm3/g), ms—the 
sample mass (g).

Potentiometric titration method

Measurements were made with a 716 DMS Titrino device 
(Metrohm), Switzerland. In order to make measurements 
for each of the obtained activated carbons, representative 
samples of approximately 0.2 g were prepared. Titrations 
for each sample were performed three times. Each sample 
was flooded with a suitable solution (0.05 N, V = 10 cm3): 
NaOH, HCl, Na2CO3 and NaHCO3.

Then the suspensions were put on a shaker 
(25  °C/24 h/60  rpm). Next after sedimentation 3 cm3 
of appropriate solution was taken into a measuring cell 
which was diluted with redistilled water (20 cm3) and 
titrated while stirring vigorously.

The Na2CO3 and NaHCO3 solutions were titrated with 
HCl. The NaOH solution was used as a titrant to titrate 
HCl. For the determination of NaOH concentration, the 
reverse titration method was used (Boehm et al. 1964).

Raman spectroscopy

To identify organic compounds in the obtained materials 
an analysis was performed using Raman spectroscopy in 
Via Reflex, Renishaw with the Raman dispersive system 
using the 514 nm argon laser. The application of 1.4 mW 
of laser power prevented from sample overheating.

(9)Vmacro = Vtotal − Vp, XRD‑diffraction (XRD)

The analysis of the phase composition of the obtained car-
bon material was made with the powder diffractometer 
PANalytical Empyrean using the Cu-Kα radiation (40 kV, 
25 mA, λ = 1.541874). The analysis of the crystal structure 
was carried out using the PDF-4 + 2019 Database.

Scanning electron microscopy (SEM)

The morphology of the samples was analyzed using a Dual-
Beam Quanta 3D FEG FEI microscope under the condi-
tions of low vacuum at an accelerating voltage of 5 kV. The 
quantitative and qualitative analyses were performed using 
the energy-dispersive X-ray spectroscopy (SEM/EDX, accel-
eration: 15 kV).

Results and discussion

Textural characteristics

The preliminary studies showed that the pyrolysis of non-
impregnated coffee waste under the conditions described in 
the paper was not effective. The residue of volatile, non-
carbonized parts was so large that it was impossible to deter-
mine the structural parameters of such a material. There-
fore further research was carried out for impregnated waste. 
Table 1 presents the data about the degree of carbonaceous 
materials combustion in the ongoing pyrolysis processes. As 
it follows from the data in the table, an increase in the degree 
of combustion was observed along with an increase in the 
degree of impregnation with phosphoric acid(V). The burn-
ing rate fluctuated around 66–76%. Such a high performance 
result of the burning process indicates a significant loss of 
carbonaceous matter and also suggests surface development 

Table 1   Structural characteristics of the obtained adsorbents

SBET the specific surface area (m2/g), Smicro the micropores surface (m2/g), %Smicro the percentage of micropores surface (Smicro/SBET)·100%, Smeso 
the mesopores surface (m2/g), %Smeso the percentage of mesopores surface (Smeso/SBET)·100%, Vp

* the pore volume determined using the data 
from N2 adsorption/desorption (cm3/g), Vmicro the micropores volume (cm3/g), %Vmicro the percentage of micropores volume (Vmicro/Vp

*)·100%, 
Vmeso the mesopores volume (cm3/g), %Vmeso the percentage of mesopores volume (Vmeso/Vp

*)·100%, Vtotal
** the pore volume determined using 

methanol (cm3/g), Vmacro
** the macropores volume, Vmacro

** = Vtotal
** − Vp

* (cm3/g), Rav the average pore radius (nm), ρ the bulk density (g/cm3), 
%B the degree of burning, Δw the deviation from the assumed pore model

Sample SBET Smicro %Smicro Smeso %Smeso Vp* Vmicro %Vmicro Vmeso %Vmeso Vtotal** Vmacro** Rav ρ %B Δw

AC-11 269.8 122.3 91.4 11.5 8.6 0.123 0.106 86.5 0.017 13.5 0.246 0.123 0.9 0.46 66.1 0.504
AC-1.51 400.5 231.7 90.0 25.6 10.0 0.183 0.154 84.1 0.029 16.6 0.340 0.185 1.0 0.46 69.3 0.358
AC-21 464.2 277.9 89.3 33.5 10.7 0.213 0.176 82.9 0.036 16.8 0.306 0.094 1.1 0.56 69.6 0.329
AC-0.52 407.8 317.3 89.7 36.5 13.3 0.188 0.156 83.2 0.030 16.1 0.476 0.288 1.4 0.39 70.4 0.132
AC-12 466.6 309.0 90.0 34.5 10.0 0.213 0.179 83.9 0.033 15.7 0.448 0.235 1.2 0.41 70.1 0.264
AC-1.52 614.8 435.2 88.5 56.7 11.5 0.283 0.231 81.4 0.051 18.1 0.456 0.173 1.3 0.41 73.5 0.223
AC-22 720.9 456.9 87.3 66.4 12.7 0.334 0.265 79.6 0.067 20.0 0.515 0.180 1.2 0.48 76.9 0.274
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and significant porosity of the obtained materials. At higher 
impregnation degree the yield of the pyrolysis decreases. 
The increase in the values of structural parameters was also 
reported in the literature. Boudrahem et al. (2011) stud-
ied the effect of two activating agents (H3PO4 and ZnCl2) 
on the development of the surface and porous structure of 
activated carbons and pointed out to the importance of the 
quantity and type of the activator. They observed a signifi-
cant increase in SBET, Vtot and Vmes values with the increas-
ing impregnation degree (I). They showed better efficiency 
of H3PO4 as the activating agent (obtaining carbons with 
SBET = 1003 m2/g at I = 100%) than ZnCl2 (SBET = 889 m2/g 
for I = 100%). In turn, Reffas et al. (2010) found that the 
porous structure and surface chemistry of carbons can be 
easily controlled by changing the impregnation coefficient. 
Using I = 180wt.% they obtained mesoporous carbon with 
the SBET = 925 m2/g and Vp = 0.7 cm3/g. The same relation-
ship was observed by Baquero et al. (2003), who using 
I = 150% obtained carbons with the SBET area = 1402 m2/g 
and Vp = 1.25 cm3/g.

Table 1 shows the structural parameters of the obtained 
materials. For the materials prepared according to procedure 
1, the specific surface area was from 269.8 to 464.2 m2/g, 

while the pore volume ranged from 0.123 to 0.213 cm3/g. 
These materials were characterized by a microporous struc-
ture (Smicro, Vmicro, Table 1). The micropores contribution 
was about 90% of the surface (%Smicro, Table 1) and ~ 84% of 
their volume (%Vmicro, Table 1). This is also indicated by the 
shape of isotherms belonging to type I (Fig. 1a) according to 
the IUPAC classification (Sing 1982) and the pore volume 
distribution curves (Fig. 2a).

For additional activation and surface development, a 
series of materials was treated using CO2 as the oxidizing 
agent (procedure 2). The process was carried out in accord-
ance with the temperature program used in procedure 1 and 
the additional modification was made only in the anneal-
ing stage at 800 °C (for 3 h). The obtained materials were 
characterized by a more developed surface (SBET ~ 407.8 to 
720.9 m2/g) and a pore volume (from 0.188 to 0.334 cm3/g, 
Table 1). Similar to the carbons obtained according to pro-
cedure 1, these materials have a predominant number of 
micropores (about 88% of the surface or volume, %Smicro, 
%Vmicro, Table 1) and the shape of type I isotherms (Fig. 1b). 
On the pore volume distribution curves (Fig. 2b) one can 
observe the peaks indicating the presence of pores with 
Rdom ~ 0.8 nm.

Fig. 1   Isotherms of nitrogen 
low-temperature adsorption/des-
orption for the activated carbons 
obtained according to procedure 
1 (a) and procedure 2 (b)

Fig. 2   Pore volume distribution 
curves for the activated carbons 
obtained according to procedure 
1 (a) and procedure 2 (b)
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The share of mesopores in all tested materials is very 
small. For the adsorbents obtained according to procedure 
1, the surface of mesopores is about 11.5–33.5 m2/g which 
is ~ 10% (Table 1). In the case of CO2 modified materials, the 
surface of mesopores is slightly larger (Smeso ~ 36.5 to 66.4 
m2/g), however, the share of mesopores surface (%Smeso, 
%Vmeso, Table 1), due to the intense surface development 
(SBET) is comparable.

The volume of sorption pores (Vtotal) and macropores 
(Vmacro) was determined for all tested materials, using metha-
nol as the adsorbate (Table 1). These values are of significant 
importance as the obtained carbons can be effective adsor-
bents for removal of pollutants from the aquatic environ-
ment. The materials obtained according to procedure 1 had 
a sorption capacity of 0.246–0.306 cm3/g while the volume 
of macropores was about 0.1 cm3/g. The use of CO2 as an 
oxidizing agent proved to be very effective. The comparison 
of the materials obtained based on both procedures 1 and 2 
shows an almost twofold increase in the total pore volume 
(Vtotal, Vmacro, Table 1) using CO2. The discussed carbons had 
a sorption capacity of 0.448–0.515 cm3/g, while the volume 
of macropores was 0.173–0.228 cm3/g. The significant Vtotal 
values resulted from the fact that methanol fills both the 
accessible sorption pores and the inter-grain spaces between 
the carbon particles.

With the impregnation degrees increase, a slight increase 
in the average pore radius Rav can be observed. However, the 
changes are small (Rav, Table 1). The use of CO2 (procedure 
2) resulted from the fact that the pore radii of these materi-
als are slightly larger. This also entails systematic changes 
in bulk density. These values are similar (0.39–0.56 g/cm3) 
to those parameters obtained for other biochars, e.g. 0.57 g/
cm3 for charcoal from oak or 0.28–0.44 g/cm3 for charcoal 
from pine (CRC Handbook of Chemistry and Physics 2003).

In the case of sample AC-0.51, due to the very low degree 
of carbonization, determination of structural parameters was 
impossible.

The bulk density of the materials obtained according 
to procedure 1 is slightly higher than that for the second 
series of materials, indicating a larger surface development 
affected by the CO2 activation (procedure 2). Modification 
of porous structure resulted in different pore sizes which is 
evidenced in the PSD bands broadening and height (Fig. 2a, 
b) and the results from some deviations in the applied model. 
This is confirmed by the values Δw (Table 1) indicating a 
wide range of deviations from the assumed model of pores.

XRD analysis

Figure 3 shows the XRD spectra of selected activated car-
bons. The broad fuzzy peaks C(002) at 2θ = 15°–30° indi-
cate that the carbon has mainly an amorphous structure. It 
follows that the annealing of the material at a temperature 

of 800  °C did not create the crystal structure. The low 
and wide C(100) diffraction peaks (2θ  = 40°–50°) can be 
related to the α axis of the graphite structure which may 
indicate that the tested materials contain a number of graph-
ite planes (Okamura et al. 2006; Liu et al. 2010). Changes 
in the impregnation degree or pyrolysis conditions did not 
cause significant changes in the materials structure. These 
observations are consistent with the results obtained from 
the Raman spectrum analysis (further given in the paper).

Raman spectroscopy

Figure 4 presents the Raman spectra for the selected acti-
vated carbons. The method is the most widely used to 
distinguish the bonding type, domain size, and internal 
stress in amorphous and nanocrystalline carbon materials. 
Commonly carbon materials have wide bands in the range 
1300–1600 cm−1. The band around 1350 cm−1 (D band) 
associated with nanocrystalline carbon corresponds to the 
vibrations of the breathing mode in the aromatic carbon ring 
while the G band visible at ~ 1580 cm−1, associated with 
amorphous carbon materials, originates from the stretch-
ing vibrations of sp2 carbon pairs present both in rings and 
chain structures. The most important parameters determin-
ing the type of carbon material structure are the location of 
the G band and the ratio of intensity of the D to G bands. 
From the relationships between these quantities it is possible 
to determine the content of the sp3 phase and the type of 
structure prevailing in the tested material (Ferrari and Rob-
ertson 2004). Figure 4 shows that for the materials obtained 

Fig. 3   XRD spectra of the selected activated carbons
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according to both procedures, an increase in the impregna-
tion degree caused a significant increase in the intensity of 
D and G bands, however, the changes in the of D and G 
bands location were not observed. In addition, the intensity 
bands ratio of ID/IG, as the ratio of peak heights (Ferrari and 
Robertson 2000) for the tested materials is similar (~ 0.91, 
Table 2). It is known that the Raman spectrum depends 
essentially on the ordering of sp2 and sp3 fractions, which, 
in turn, is closely related to pyrolysis conditions (Ferrari and 
Robertson 2000).

The presented results show that the changes in the degree 
of impregnation and pyrolysis conditions do not significantly 
affect the degree of the obtained carbon materials order.

Thermal analysis

Figure 5a shows the TG curves for the initial spent coffee 
materials obtained according to procedure 1 (Spentini) as 
well as for carbon obtained on the basis of spent ground cof-
fee without H3PO4 impregnation (sample designated AC). 
The measurements were made in air atmosphere. The course 
of the curves recorded for the spent ground coffee indicates 
that the weight loss occurs in three main stages: 20–150 °C 

(we assume that it is physically adsorbed water and volatile 
components); 150–400 °C and 400–600 °C. The individual 
stages occur at different speeds (see DTG, Fig. 5c, d and 
DTA, Fig. 5e, f) and the total content of compounds under-
going desorption or oxidative degradation is ~ 95% (Fig. 5a, 
c, e).

As the carbon samples were thoroughly washed after the 
pyrolysis process, the mass losses recorded during the meas-
urements in the temperature range 20–200 °C are mainly 
due to the desorption of physically bound water and other 
volatile organic components. As a matter of fact the phos-
phoro-organic species that remained in the tested materials 
may also undergo transformations, however such transfor-
mations will be hardly visible due to the significant excess of 
the carbon amount. The thermogravimetric analysis shows 
that the mass loss for AC (carbon without the impregna-
tion) was the largest being ~ 95% at 800 °C (the remain ~ 5%) 
while the acid-impregnated carbons at 800 °C retained about 
40% of their initial mass. As can be seen from the curves in 
Fig. 5a, the mass loss process for AC slows down signifi-
cantly at ~ 700 °C, so it can be assumed that ash and inor-
ganic compounds are the remain. This was the reason for 
using impregnation.

From the TG curves course it can be seen that physi-
cally bound water was desorbed to a temperature of about 
150 °C. The weight loss in this temperature range is directly 
proportional to the acid concentration. This may be due to 
the higher water content of these materials. The literature 
reports show that phosphoric acid impregnation causes 
the formation of so-called phosphate skin (Fig. 6) (Gun’ko 
et al. 2005), which may constitute a physical barrier dur-
ing materials drying. The composition analysis made dur-
ing the SEM/EDX imaging showed the presence of various 
elements characteristic of the waste organic materials in 
the tested materials, including phosphorus, which could be 
incorporated into the carbon structure or form the “phos-
phate skin” on the surface of the materials. The SEM images 
show that the particles surface may not be completely cov-
ered (Fig. 6b).

As one can see, the surface is mainly uniform and the 
texture of such material is poorly developed. A similar effect 
on the active carbons modified with phosphoric acid was 
observed by Girgis and El-Hendawy (2002). They stated 
that H3PO4 creates the so-called’’phosphate skin” which can 
cover the adsorbent internal structure and protects it against 
excessive burn-off during the activation process. However, 
this causes a low specific surface area of the adsorbent.

Figure 5 shows the TG, DTG and DTA curves for the 
tested materials in the temperature range 20–800 °C. All 
carbons under investigations were thermally stable up 
to ~ 420 °C. You can see a clear difference in the materials 
stability in relation to AC whose oxidative degradation starts 
already at 300 °C. The oxidation rate is also different. This 

Fig. 4   Raman spectra of the selected active carbons

Table 2   The G bands location 
and intensity ratio

Sample G band loca-
tion (cm−1)

ID/IG

AC-11 1587 0.92
AC-21 1591 0.90
AC-12 1602 0.91
AC-22 1592 0.91



4711Applied Nanoscience (2020) 10:4703–4716	

1 3

Fig. 5   The course of the TG% (a, b) DTG (c, d) DTA (e, f) curves for the initial spent material (sample Spentini) and activated carbons obtained 
from the spent ground coffee without impregnation and according to 1 (a, c, e) as well as 2 (b, d, f) procedures
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indicates that the structures of the materials changed after 
the H3PO4 activation making oxidation difficult. As follows 
phosphoric acid promotes carbon matter transformation of 
the thermally stable one. The thermal stability of the prod-
ucts depends on the presence of activating agent (CO2). At 
about 500 °C the mass loss process begins at different speeds 
while at 800 °C the process is not completed.

These changes are confirmed by the DTG (Fig. 5c, d) 
and DTA (Fig. 5e, f) curves. The DTG curves (Fig. 5c, d) 
show clearly a depression in the range of 20–150 °C (with 
minimum at Tmin = 100 °C) confirming the evacuation of 
physically bound water and then the beginning of the peak 
indicating the weight loss of the carbonaceous material. 
The course of these curves in the temperature range of 
600–800 °C indicates a diverse burning rate of carbonaceous 
material. These changes are confirmed by the DTA curves 
course (Fig. 5e, f). In the initial range from 20 to 150 °C, one 
can observe the minima indicating the endothermic process 
of water evaporation, and as the temperature increases, evi-
dent peaks associated with the exothermic oxidative degra-
dation of carbon are formed.

Based on the TG% analysis (Fig. 5a, b), the weight loss of 
the activated carbons was assessed. The course of the curves 
shown in both Fig. 5a, b is very similar. It follows that the 
degree of impregnation affects slightly the stability of the 
carbon material, e.g. the course of the curves obtained for 
the materials prepared according to procedure 1 (Fig. 5a) 
indicates that they contain about 9% of physically bound 
water which is desorbed from the surface to a temperature 
150 °C and at a temperature of about 450 °C carbon oxida-
tive degradation and weight loss begin (for all samples of 
this series it is about 56%, Fig. 5a). The samples obtained 
according to procedure 2 differ in their moisture content 
(TG% at 200 °C from 5 to 14%) while the behaviour of the 
material during further annealing is very similar. The total 
weight loss for these materials is about 66% (Fig. 5b).

The comparison of DTA curves (Fig.  5e, f) shows 
that the materials obtained according to procedure 2 are 

characterized by a better arrangement of carbon material as 
evidenced by the clearly developed individual DTA peaks. 
This results from the greater degree of oxidation caused by 
the use of CO2. As you can see, the maximum of the DTA 
peaks shift towards higher temperatures with the impregna-
tion degree increase. This can be due to a protective effect 
of phosphate skin.

Boehm titration

The Boehm potentiometric titration method (Boehm et al. 
1964) was used to determine the chemical nature of the sur-
face of activated carbons. According to the assumptions, 
bases with a differentiated strength neutralize acids having 
pKa less or equal to pKa of the base. As hydroxides there 
are used:

•	 NaHCO3 (pKa = 6.37)—neutralizes carboxylic acids,
•	 Na2CO3 (pKa = 10.25)—neutralizes carboxylic acids and 

lactones,
•	 NaOH (pKa = 10.25)—neutralizes carboxylic acids, lac-

tones and phenols,
•	 NaOC2H5 (pKa = 20.58)—reacts with all oxygen species, 

even extremely weak acids (of pKa < 20.58).

HCl neutralized all basic groups.
In order to study the H3PO4/carbon interactions effect on 

the activation process, changes in the surface acidic func-
tional groups for the samples with different impregnation 
degrees (I) and obtained under different pyrolysis conditions 
were determined (Table 3, Fig. 7). Table 3 shows the content 
of oxygen functional groups present on the surface of acid-
impregnated carbons. The studies pointed out to the acidic 
nature of carbons. It was found that mostly acidic groups 
with carboxyl and phenolic structures occur on the surface 
of the obtained materials. The content of lactone groups is 
very small. No basic groups were found.

These changes are graphically shown in Fig. 7.

Fig. 6   SEM images of the 
“phosphate skin” on the 
AC-1.51 sample (a) and partial 
covering of the surface (b) 
magnification × 1000 and × 250, 
respectively
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It can be seen that mainly carboxyl groups (0.68–1.4 
mgR/g) are found on the surface of the studied materials. 
Their number increases with the increase of I. At the same 
time, the number of lactone and phenol groups decreases 
systematically. It is known that other oxygen groups may also 
be present on the surface of active carbons, e.g. aldehyde or 
ketone groups, etc. However, they were not determined in 
the presented studies. Probably such structures are present 
on the surface of tested carbons because the total number 
of groups determined with NaOH (e.g. for AC-11 = 1.59 
mgR/g, Table 3) is larger than the sum of the carboxyl, phe-
nolic and lactonic groups (1.2 + 0.03 + 0.21 = 1.44 mgR/g).

SEM

The analysis of SEM images of the selected materials 
(Figs. 6, 8) shows that they have a heterogeneous struc-
ture. Activated carbon particles have different shapes and 
their surface is folded, rough and contains numerous gaps 
and cavities of various sizes (Fig. 8a). Exemplary, for the 
AC-1.51 sample the cavities with the dimensions about 1, 5 
or 20 μm were observed (Fig. 8a, c).

Increasing the degree of impregnation (comparison of 
Fig. 8b, c) course makes the surface smoother, more homo-
geneous. In the case of materials additionally activated using 
CO2 (sample AC-1.52, Fig. 8d) a larger surface heterogeneity 
is observed. The carbon globules contain particles of vari-
ous sizes and numerous cracks and crevices are visible on 
the surface.

The EDX microanalysis enables surface and volume 
identification (both qualitative and quantitative) of chemical 
elements contained in the tested material. Table 4 presents 
the results of the elemental composition analysis of selected 
materials. As can be seen the composition of the studied 
coals is typical of the organic carbon materials. They contain 
mainly carbon (~ 70–74%), oxygen (~ 13.5–17%), phospho-
rus (~ 5.5–8.7%), nitrogen (~ 4%) and calcium (~ 0.1–0.25%, 
Table 4). The presence of the other elements is due to the 
composition of the starting organic material. The relatively 
high oxygen content confirms the existence of the surface 
oxygen groups whose presence was confirmed by the poten-
tiometric titration (Table 3). The source of phosphorus is 
double. A small amount of phosphorus can originate from 
the starting waste material. Lee et al. (Lee et al. 2017) found 
in the biochar from palm oil sludge the presence of the main 
elements in the amount: C: 71.99%, O: 21.09%, Mg: 0.56%, 
P: 0.41%, and many others. However, the main reason for 
the presence of phosphorus is earlier impregnation. Owing 
to this phosphorus could be built into the carbon structure 
and/or create a surface phosphate skin. As can be seen 
(Table 4) the phosphorus content increases with the increas-
ing impregnation degree. At the same time the analysis of 
the data proved that the use of CO2 (procedure 2) causes 
that the amount of phosphorus is smaller by about 25% in 
the materials of the same impregnation degree than those 
obtained in the nitrogen atmosphere (procedure).

Conclusions

Based on the carried out research it was found that solid 
coffee wastes (spent coffee grounds) are a good starting 
material for the production of activated carbons. The use 
of chemical activation with phosphoric acid(V) enabled the 
creation of a well-developed microporous structure in the 
obtained carbon materials. The increase in impregnation 
with H3PO4 resulted in an increase in both the burning rate 
and porosity. From the surface development point of view, 
the use of CO2 as an additional oxidizing agent has proved to 
be more effective (procedure 2). As a result, the carbons with 
the surface area from 407.8 to 720.9 m2/g were obtained 
characterized by about 80% share of micropores.

The thermal analysis of the tested carbons showed that 
these materials were more thermally stable than the non-
impregnated carbons. This justifies the use of H3PO4 as the 

Table 3   Surface functional groups of the studied activated carbons

Sample Total number 
of acidic groups 
(mgR/g)

Carboxyl 
groups 
(mgR/g)

Phenolic 
groups 
(mgR/g)

Lactonic 
groups 
(mgR/g)

AC-11 1.59 1.2 0.03 0.21
AC-1.51 1.52 1.27 0.02 0.15
AC-21 1.49 1.4 0.01 0.06
AC-0.52 1.69 0.68 0.58 0.33
AC-12 1.53 1.09 0.29 0.11
AC-1.52 1.45 1.13 0.12 0.09
AC-22 1.4 1.25 0.08 0.01

Fig. 7   Graphical presentation of changes in the number of functional 
groups on the surface of acid-impregnated carbons
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activating agent. Thermal stability of the obtained materi-
als does not depend on the impregnation degree but on the 
procedure (with or without of CO2 as an oxidizing agent).

The SEM studies of the activated carbons surface have 
shown the presence of numerous roughness, crevices, cavi-
ties and channels. Carbons acidic character was proved. It 
was found that the acidic groups with carboxyl and phenolic 
structures are present on the surface. Based on the phase 
composition analysis it was found that the obtained carbon 
materials were characterized by an amorphous structure.
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