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a b s t r a c t
Heavy metal pollution has become a pressing environmental issue. The removal of these metals 
from the environment is a considerable concern because of their effects. In this study, we have 
used wastewater to assess the adsorption properties of Zn2+ using NaOH-activated carbon (raw 
coffee grounds derivative (CGD)). We also compared the adsorption performance of Zn2+ by coffee 
grounds (CG) and NaOH-activated CGD biochars. In addition, we have carried out characteri-
zation to determine the adsorbent’ physico-chemical properties. Therefore the results indicated 
that the pseudo-second-order model and all isotherm models were the most adequate to describe 
Zn(II)/activated carbon adsorption system. Also, the NaOH-activated carbon has shown a high 
adsorption capacity of about 680.2 µmol g–1 compared to coffee grounds (CG) (300.51 µmol g–1).
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1. Introduction

Heavy metals are present a highly toxic impact on 
the ecosystem, above a specific concentration [1–3]. They 
can be accumulated in the food chain, hence in the human 
body [4]. Industrial activities such as battery production, 
electronics, ceramics, metal processing, textiles, petroleum 
refining and many others are the principal sources of heavy 
metals in wastewater [5–7]. Consequently, it is essential 
to reduce these pollutants from wastewater. To remove 
these toxic elements from wastewater, several pollution 
techniques have been developed in recent years. Among 
these techniques used, integrated chemical/biological 

degradation, membrane technology, chemical oxidation, 
electrochemical degradation, photocatalytic degradation 
and adsorption [8–15]. Among these technologies, the 
adsorption method is a cost-effective and efficient tech-
nique for removing heavy metals from wastewater [16]. 
Several adsorbents are applied in this context like mate-
rials based on carbon [17,18], zeolites [19], clay [20], and 
graphene oxide [21]. Among these adsorbents, we found 
also activated carbon, which is the most used for the treat-
ment of this kind of pollutants, due to its large specific 
surface area and porous structure [22]. Wood [23] and peat 
[24] are the most common sources for producing commer-
cial activated carbons. Nevertheless, the need is increasing 
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for efficient materials, locally available and recyclable 
that could be used to prepare activated carbon [25–27]. 
Converting biomass resources into activated carbons is 
a practical method for producing low cost and efficient 
carbon-based adsorbents. Coffee wastes are an available, 
abundant and inexpensive raw material that after process-
ing into activated carbons can be effective to remove heavy 
metals from wastewater. There are a considerable number 
of research work that studied the efficiency of the raw and 
treated coffee ground for the elimination of heavy met-
als such as Cu(II) and Zn(II) [28], Cd2+ [29], Cu(II), Pb(II), 
Cd(II), Ni(II) and Zn(II) [30]. The coffee grounds are a sig-
nificant source of solid pollution. Therefore, the exploita-
tion of these materials in wastewater treatment will gener-
ate economic and ecological benefits. In this context, we will 
study the efficiency of the ground coffee and activated car-
bon based on the ground coffee to eliminate heavy metals 
from the effluents. Furthermore, to upgrade their adsorp-
tion proprieties and to conserve the cost-efficiency ratio 
we will study the impact of the activation using NaOH.

Finally, we will investigate and discuss the perfor-
mance of our adsorbents to remove Zn2+ metal ions from 
wastewater. We will also carry out kinetic and isotherm 
studies to have an overview of the adsorption phenomenon.

2. Materials and methods

2.1. Materials

2.1.1. Chemicals

Based on the literature sodium hydroxide has been 
widely used for chars activation [11]. The feedstock (ground 
coffee) was placed in a horizontal stainless steel furnace and 
heated to 500°C under nitrogen flow with a heating rate of 
20°C min–1 and then conserved for 2 h at 500°C. The 10 g of 
the charcoal was obtained by carbonization was mixed with 
20 g of NaOH and 100 mL of distilled water. The mixture 
was stirred for 2 h then put in the oven for 4 h at 130°C. The 
resulting product was then placed in the calcination fur-
nace, under nitrogen flow up to 700°C with a heating rate 
of 20°C min–1 for 1.5 h. The obtained material was washed 
with a solution of hydrochloric acid (0.1 M), then with hot 
distilled water until the pH of the supernatant becomes 
6.5, the final product was dried at 110°C for 24 h [10].

2.1.2. Collection of lake water and wastewater effluent

The samples used in this work were collected from an 
industrial wastewater treatment plant located in (name 
the city). The effluent has a yellow colouration, with a 
strong smell because of the presence of the surfactants and 
hydrocarbons. All the effluent characteristic parameters 
were measured including pH, chemical oxygen demand 
(COD), biochemical oxygen demand (BOD5), total Kjeldahl 
nitrogen (TKN), total suspended solids (TSS), and total 
phosphorus (TP).

2.1.3. Biochar production procedures

The dried raw coffee grounds derivative (CGD), 
with a particle size smaller than 250 µm, was placed in a 

stainless-steel furnace and heated at a rate of 15°C min–1 at 
450°C. After 2 h of heating, the carbonized material obtained 
was gradually cooled. Then, the carbonized material was 
activated by mixing with NaOH at a weight ratio of 2:1 
(NaOH: Carbonized material). The mixture was placed 
in a stainless-steel reactor and heated under nitrogen at 
a rate of 15°C min–1 at 450°C and maintained at a contact 
time of 60 min. Then the mixture was cooled under nitrogen 
flow and then washed several times with deionized water 
and a diluted solution of HCl until the pH of the filtrate 
reached a value of 7. The obtained NaOH-activated bio-
char was dried at 110°C overnight [31].

2.2. Methods

2.2.1. Characterisations of coffee grounds

2.2.1.1. Scanning electron microscopy characterization

The scanning microscopic characterization of coffee 
grounds and activated carbon based on coffee grounds was 
carried out using a scanning electron microscope, GEOL 
JSM T330, in the Physics Department of the Faculty of 
Sciences, Rabat.

2.2.1.2. Specific surfaces area measurement

The specific surface measurements were made using an 
ASAP 2010 micrometre in Mascir laboratory, Morocco. The 
degassing of the samples was carried out at 250°C under 
a mixture of He (70%) and N2 (30%) for 2 h. The measure-
ments were repeated to ensure reproducibility.

2.2.1.3. Infrared spectroscopy analysis

The device used for this is a Bruker-Tensor 27 that 
operates in Reflection mode. This device is equipped with 
a Globar source that emits radiation in the mid-infrared 
region and a DLaTGS detector. The samples do not require 
any prior preparation. A few milligrams of the sample are 
placed on the Attenuated Total Reflection (ATR) element. The 
material used in our case is the Germanium crystal which 
allows the acquisition of between 4,000 and 600 cm–1 in wav-
enumber. The number of scans is 20 with a resolution of 
4 cm–1. The device is generally controlled by OPUS software.

2.2.2. Batch adsorption tests

All experiments were performed using 0.1 g of adsor-
bent in 50 mL of wastewater sample in an Erlenmeyer 
flask. The mixture was stirred at 150 rpm for 3 h. For each 
experiment, samples were collected in glass bottles cleaned 
before and after adsorption for analysis.

2.2.3. Kinetic adsorption

To examine the adsorption mechanism, it is necessary 
to test the experimental adsorption data using pseudo- 
first-order and pseudo-second-order kinetic models.

The pseudo-first-order model assumes that the adsorp-
tion rate at time t is proportional to the difference between 
the amount adsorbed at equilibrium Qe and the amount Qt 
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adsorbed at that time. The first-order adsorption rate con-
stant is derived from the linear model [32].

log logQ Q Q
k
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 (1)

where Qe: amount of adsorbate at equilibrium, per gram of 
adsorbent (mg g–1), t: contact time (min), and k1: first-order 
adsorption rate constant (min–1).

The pseudo-second-order equation is often used suc-
cessfully to describe adsorption kinetics. It assumes that 
the adsorption is of the chemical type [33].
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The linear equation [34] for intraparticle diffusion is 
shown in Eq. (3):

q k t Ct p= ⋅ +0 5.  (3)

where kp (mg g–1 min–0.5) are rate constants and C is a constant.

2.2.3.1. Protocol

To study the adsorption kinetics of Zn2+ ions, we put a 
volume of 100 mL of water discharged in a batch to which 
we add 0.15 g of NaOH-activated CGD biochar. Samples of 
the supernatant of the mixture (adsorbate/adsorbent) are 
taken every 10 min then they were filtered using a nylon 
membrane (0.22 µm). The final concentration of Zn2+ ions 
is measured for each sample.

2.2.4. Adsorption isotherms

In order to describe the characteristics of an adsor-
bent/adsorbate system, several theoretical and empirical 
models have been developed. The isotherm of Langmuir, 
Freundlich and Temkin, is the most widely used model in 
the adsorption process.

The empirical equation given by Langmuir [35] is repre-
sented by the equation:

1 1 1
Q Q Q k Ce m m L e

= +
⋅ ⋅( )  (4)

with Qm and Qe which are respectively the maximum 
amount of adsorption (mg g–1) and the amount of adsorp-
tion at equilibrium (mg g–1), this is the concentration of the 
solute at equilibrium (mg L–1), and kL is Langmuir’s constant 
(L mg–1).

The Freundlich equation [36] is an empirical model 
based on adsorption on heterogeneous surfaces. It is used 
in the case of the possible formation of more than one 
adsorption monolayer on the surface and the sites are het-
erogeneous with different binding energies. The isotherm 
is expressed by the linear equation: kF and n are constants 
that depend respectively on the nature of the adsorbate and 
of the adsorbent. Their determination is based on the fol-
lowing equation:

log log logQ k
n

Ce F e( ) ( ) ( )= +
1  (5)

This equation is that of a straight line with slope 1/n, and 
ordinate at the origin logkF. In general, n is between 0.8 and 
2 and is proportional to the strength of the adsorption.

Temkin’s model [37] assumes that the heat of adsorp-
tion varies linearly with the degree of coverage, this vari-
ation may be related to surface heterogeneity or side 
interactions between adsorbed molecules.

q B K B Ce T T T e= +ln ln  (6)

where BT = constant related to heat of sorption (J mol–1) 
BT = RT/bT and bT = Temkin isotherm constant.

Another equation used in the analysis of isotherms 
was proposed by Dubinin and Radushkevich in 1947. By 
Dubinin and Radushkevich in 1947 to estimate the char-
acteristics of the apparent porosity and the free energy 
of adsorption.

lnQ Qe m= −ln βε2  (7)

where Qm the theoretical maximum capacity of the adsor-
bate at the surface of the solid and ε, the Polanyi potential, 
corresponding to:

ε = +
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The constant β represents the adsorption of the molecule 
on the adsorbent following its transfer from the solution. 
β and E (kJ mol–1) are related by the relation E = 1/b0.5.

2.2.4.1. Protocol

The adsorption isotherms were carried out with dif-
ferent samples of wastewater containing different concen-
trations of Zn2+ at solution pH and room temperature for 
a fixed time (equilibrium time). After stirring, the mixture 
was centrifuged for 20 min to isolate the NaOH-activated 
CGD biochar particles. The filtrates were analyzed by 
atomic absorption to determine the residual Zn2+ concentra-
tion in the solutions.

2.2.5. Thermodynamic study

The enthalpy change (ΔH°) and the entropy change (ΔS°) 
were estimated to assess the feasibility of the adsorption 
process by the following equations [38]:

�G RT kd� � � � �ln  (9)

ln k S
R

H
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°
−

°∆ ∆  (10)

where kd is the distribution coefficient for the adsorption, 
R is the universal gas constant (8.314 J mol–1 K–1) and T is 
the absolute temperature (K).
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2.2.5.1. Protocol

The thermodynamic parameters linked to the adsorp-
tion phenomenon were also determined by varying the 
temperature of the solution from 303 to 353 K.

2.2.6. Analytical methods

The samples before and after treatment were analyzed 
by the atomic absorption spectrophotometer. Before anal-
ysis, all samples were homogenized and filtered through 
glass filters. The heavy metals removal percentage was 
calculated using the following formula [39].

Removal% =
−

×
C C
C
i e

e

100  (11)

where Ci is the initial concentration at equilibrium (ppm) 
and Ce is the final equilibrium concentration (ppm).

3. Results and discussion

3.1. Physico-chemical characterization

The evaluation of wastewater pollution was based on 
the determination of several physico-chemical parameters 
that characterize the wastewater quality. The physico-chem-
ical characteristics of the studied wastewater are listed in 
Table 1. The wastewater temperature is between 28°C and 
26°C respectively minimum and maximum extreme val-
ues (Table 1). In general, the wastewater samples analyzed 
have a relatively acceptable pH.

For electrical conductivity, the average values recorded 
are 11.1 and 2.5 mS cm–1 respectively for the raw and 
the treated wastewater, which shows a high metal load.  

For the phosphate content, the data in the table does not 
show a remarkable variation before and after the treat-
ment. The values recorded are 9 and 5 mg L–1 respectively 
before and after treatment. The phosphate concentrations 
for the treated wastewater showed that these raw efflu-
ents are loaded with phosphate. (Table 1). The wastewater 
TSS concentration is about 65 mg L–1. The organic pollution 
expressed as BOD5 show a value of 212 mg L–1. And the 
COD values show a value of 842 mg L–1 (in raw wastewater) 
and 419.52 mg L–1 in treated wastewater (Table 1).

3.2. Characterization of coffee grounds and NaOH-activated 
CGD biochars

3.2.1. Specific surface analysis

The characterization of the specific surface by the method 
of Brunauer–Emmett–Teller (BET) aims to determine the 
adsorbent’s surface area. The results of the surface analysis 
are shown in Table 2.

Table 2 shows that the activation treatment improves 
the pore volume. NaOH-activation can dissolve some of the 
inorganic compounds that block the pores. Consequently, 
the pores became available and more pores are formed. 
The increase in the number of pores leads to an increase in 
adsorption efficiency.

The results of the BET test show that the average pore 
diameter of coffee grounds was 7.6 Å while NaOH-activated 
CGD biochar was 8.8 Å.

3.2.2. Fourier-transform infrared spectroscopy analysis

Fourier-transform infrared spectroscopy (FTIR) char-
acterization aims to see the functional groups contained 
coffee grounds and NaOH-activated CGD biochar. Fig. 1  

Table 1
Characterization of the studied wastewater before and after treatment

Parameters Raw wastewaters Treated wastewater Moroccan standard

T (°C) 28 22 <30
pH 8.8 8.1 5.5–9.5
Conductivity (mS cm–1) 11.1 2.5 2.7
TSS (mg L–1) 65 5.2 50
COD (mg L–1) 842 542 500
BOD5 (mg L–1) 212 34 140
TKN (mg L–1) 50 14 30
P (mg L–1) 9 5 10

Metals

Fe (mg L–1) 5.1 1.6 5
Zn (mg L–1) 11.3 5.8 5
Cu (mg L–1) 10.4 0.4 0.5
Cd (mg L–1) 0.12 0.014 0.25
Pb (mg L–1) 0.09 0.016 0.5

Colour (Absorbance)

430 (nm) 18 0.002 –
536 (nm) 16.7 0.002 –
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shows the coffee grounds and NaOH-activated CGD 
biochar infrared spectra according to bibliographic results.

The functional group and the corresponding infrared 
absorption frequencies are shown in Table 3.

FTIR spectroscopic analysis showed a band at 
3,472 cm–1 representatives bound to OH or NH groups on 
the surface of the coffee grounds. The peaks at 2,924 and 
2,853 cm–1 are related to C–H vibrations, so the adsorption 
peaks at 1,746 cm–1 are attributed to the resulting carboxyl 
bond of the xanthenic derivative such as caffeine [40]. 
The absorption bands at 1,467 at cm–1 respectively indi-
cate the presence of COO of the carboxyl groups on the 
surface of the adsorbent. Bands of the order of 1,378 cm–1 
are attributed to the symmetrical stretching vibration 
COO−. Another absorption band appearing around 1,168 
and 1,030 cm–1 could be attributed to the C–O stretch of 
the ether group and the C–O stretch of COOH [41]. On 
the other hand, for the spectrum of NaOH-activated CGD 
biochar, we observed the presence of adsorption peaks at 
3,430; 1,565; 1,384 and 1,213 cm–1. While the adsorption 
peaks at 2,924; 2,853; 1,746 and 1,030 cm–1 are resolved 
after pyrolysis and activation with sodium hydroxide. 

This shows that the activation process affects the inten-
sity of absorption in the wavelength region and results 
in changes in the structure of the functional group [42].

3.2.3. Physico-chemical properties of coffee grounds and 
NaOH-activated CGD biochars

Fig. 2 shows the adsorbents morphology before and 
after activation. Activation with NaOH significantly has 
caused variation in the biochar morphology by devel-
oping several pores and increasing the pore volumes, as 
shown in the scanning electron microscopy (SEM) images. 
Therefore, increase the metal ion adsorption.

The physico-chemical characteristics of coffee grounds 
(CG) and NaOH-activated CGD biochar are presented in 
Table 4. Although the specific surface area (664.2 m2 g–1) 
and the pore volume (0.468 cm3 g–1) of NaOH-activated 
CGD biochar are much higher than those of CG (specific 
surface area = 60.3 m2 g–1, pore volume = 0.039 cm3 g–1), 
the average pore size of CG (7.6 nm) was less than that of 
NaOH-activated CGD biochar (mean pore size = 8.8 nm). 
These results suggest that mesoporous structures could 

Table 2
Surface area result of CG and NaOH-activated CGD biochar

Adsorbent type Specific surface (m2 g–1) Pore volume (cm3 g–1) Pore size (Å)

Coffee grounds (CG) 60.3 0.039 7.6
NaOH-activated CGD biochar 664.2 0.468 8.8
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Fig. 1. FTIR spectrum for adsorbent of coffee grounds and NaOH-activated CGD biochar.
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play a critical role in the adsorption of Zn2+ by NaOH-
activated CGD biochar and CG. The C, H, N, O and ash 
contents of biochar CG and NaOH-activated CGD biochar 
are summarized in Table 4. NaOH-activated CGD bio-
char contained C (88.2%) and ash (6.8%) lower than those 
of CG (C content = 85.1%, ash content = 7.2%) while its H 

(0.7%) and N (2.2%) contents were slightly higher than 
those of NaOH-activated CGD biochar (H content = 0.4%, 
and their N content is not detected).

3.3. Adsorption kinetics

The biochar shows an increase in the adsorbed quan-
tity Qads over time. A rapid increase in the first 10 min was 
noticed for the 2 studied adsorbents, then a slight increase 
was observed. The equilibrium time of 120 min was observed 
for the NaOH-activated CGD biochar and 20 min for coffee 
grounds. We can explain the Qads stabilization by the satu-
ration of the active sites in the adsorbent’s surface. Also, 
we can deduce from Fig. 3 that Zn2 is strongly adsorbed 
on the CG compared to NaOH-activated CGD biochar.

3.3.1. Kinetic models

Kinetic models were used to study the experimen-
tal data shown in Fig. 4 to obtain the kinetic parameters 
(Table 5). As shown in Table 5, the pseudo-second-order 
kinetic model showed a higher correlation coefficient value 
which indicates that the Zn(II) adsorption experiment data 
is fit to this model. Fig. 3 also shows that the theoretical 

Table 3
CG and NaOH-activated CGD biochar infrared spectrum

Plage Wavenumber (cm–1)

Bond Coffee grounds NaOH-activated 
CGD biochar

OH and NH 3,472 3,430
C–H 2,924 –
C–H2 2,853 –
C=O 1,746 –
COO 1,467 1,565
COO– 1,378 1,384
C–O 1,168 1,213
C–O and COOH 1,030 –

 

 
Fig. 2. The UHR-SEM images of the (A,B) coffee grounds and (C,D) NaOH-activated CGD biochars.
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value of the adsorption capacity of coffee grounds (CG) 
adjusted by the pseudo-second-order model is closer to 
the experimental data of Qe. The diffusion mechanism 
cannot be determined by the pseudo-second-order and 
pseudo-first-order kinetic models. Therefore, an in-depth 
analysis of dynamic behaviour using the intraparticle 
diffusion model is required. The value (R2 < 1) fitted by 
the intraparticle diffusion model proves that the fitted 
line does not pass the origin; thus, intraparticle diffusion 
occurred during the adsorption process [43]. In addition, 
as shown in Fig. 4, the intraparticle diffusion model com-
prises two adjustment steps [44]. The first adjustment step 
indicates the diffusion of Zn(II) on the surface or mem-
brane of the NaOH-activated CGD biochar adsorbent 
during the adsorption process. The second-step had a flat 
linear part, which indicates the diffusion of Zn(II) into the 
particles or pores of NaOH-activated CGD biochar. The 
curved part can be the boundary layer effect that occurs 
during the adsorption process. Therefore, the adsorption of 
Zn(II) on NaOH-activated CGD biochar is affected in two 
ways: chemical adsorption and intraparticle diffusion.

Intraparticle diffusion is normally studied to understand 
the diffusion mechanism of an adsorbate on a porous 

adsorbent such as biochar. The transfer of adsorbed ions 
inside the biochar particles is called intraparticle diffusion 
(also called surface diffusion). Thus, the model of Weber 
and Morris was used to illustrate the Zn2+ ions adsorption 
process on biochar, by plotting Qt vs. t1/2. If the trace is lin-
ear and passes through the origin, intraparticle diffusion is 
then the only limiting step of the adsorption process [45]. 
However, since the trace does not pass through the origin, 
the adsorption process is therefore produced in several steps.

The intraparticle diffusion of Zn2+ adsorbed on the 
NaOH-activated CGD biochar was presented in (Fig. 4). The 
initial increase (Fig. 4) during the first 60 min (approximately 
7.5 min1/2) was a result of the Zn2+ ions diffusion through the 
boundary layer (film) that surrounds the NaOH-activated 
CGD biochar particles, to achieve the external surface of the 
biochar. After that, the superficial diffusion (intraparticle dif-
fusion) of Zn2+ ions into the porous system of the biochar took 
place from 60 to 95 min (approximately 7.5–11 min1/2). Worch 
(2012) reported that intraparticle diffusion occurs primarily 
in macropores (>50 nm) and mesopores (2–50 nm), while 
micropore volume (<2 nm) is responsible for the adsorp-
tion [46]. The final stages of Zn2+ adsorption were a slow-
down in diffusion which occurred after 95 min (11 min1/2). 
The decrease in diffusion was caused by the low concentra-
tion of adsorbate in the solution [47] and the porous system 
(macrospores and mesopores) filling with an adsorbate. 
Thus, the diffusion of Zn2+ on the various biochars depends 
not only on the structure of the adsorbent but also on the 
concentration of the adsorbate in the solution.

3.4. Adsorption isotherms

The models of Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich were used to study the isotherm 
experimental data of Zn(II) adsorption on NaOH-activated 
CGD biochar and coffee grounds (CG). The adsorption iso-
therm parameters obtained are shown in Table 6. As shown 
in Table 6, all models show an R2 value greater than 0.9; 
therefore, these models can better describe the Zn(II) adsorp-
tion on NaOH-activated CGD biochar and coffee grounds 
(CG). The result, 0 < kL < 1, after adjustment by Langmuir, 

Table 4
Elemental composition and physico-chemical properties of the 
coffee grounds and NaOH-activated CGD biochars

Properties Coffee grounds (CG) NaOH-activated 
CGD biochar

C (%) 85.1 88.2
H (%) 0.7 0.4
O (%) 1.6 2.2
N (%) 2.2 N.D.
S (%) 0.4 0.2
Ash (%) 7.2 6.8
H/C 0.118 0.035
O/C 0.014 0.038
N/C 0.021 N.A.

Fig. 3. Kinetics study of Zn on coffee grounds and NaOH-activated CGD biochar.
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further indicates that the Zn(II) was easily adsorbed by the 
two adsorbents.

3.5. Thermodynamic study

The thermodynamic experiments were carried out 
under temperature conditions of 303, 313, 333 and 353 K 
respectively. The corresponding thermodynamic param-
eters are shown in Table 7. The negative ΔH value indi-
cates that the adsorption of Zn(II) on NaOH-activated 
biochar CGD is exothermic. The negative ΔG value indi-
cates that the adsorption reaction of Zn(II) on biochar 
CGD activated by NaOH is spontaneous [48].

The entropy is a physical parameter that informs us 
about the order of a reaction. Here the negative value of 
entropy means that something is becoming less disordered. 
For something to become less disordered, energy must be 
used. This will not occur spontaneously [49].

In this study, the adsorption capacity of NaOH-activated 
CGD biochar was compared with various adsorbents.  
The maximum adsorption capacities of the different adsor-
bents are shown in Table 8.

Table 5
Kinetic parameters for Zn2+ adsorption on CG and NaOH-activated CGD biochar

Adsorbents Qe,exp (µmol g–1) Pseudo-first-order Pseudo-second-order

Qe (µmol g–1) k1 (min–1) R2 Qe k2 (g mg–1 min–1) R2

NaOH-activated CGD biochar 338.4 115.8 0.6 0.72 248.1 0.6 0.99
Coffee grounds (CG) 259.2 325.1 0.7 0.97 338.4 0.040 0.99

Table 6
Isotherm parameters for wastewater studied sorption on CG and NaOH-activated CGD biochar for Zn

Model Langmuir Freundlich Temkin Dubinin–Radushkevich

Constant R2 kL 
(L mg–1)

Qm R2 kF 
(mg g–1 (L mg–1)1/n)

nF R2 BT kT 
(L mg–1)

R2 E 
(kJ mol–1)

Qmax 
(µmol g–1)

Coffee 
grounds 
(CG)

0.95 0.50 300.51 0.932 13.67 3.49 0.938 5.587 9.395 0.957 2.832 360.53

NaOH- 
activated 
CGD 
biochar

0.98 0.722 680.2 0.96 15.30 4.6 0.95 6.844 9.876 0.97 2.872 220.32

Table 7
Thermodynamic parameters obtained for Zn adsorption on NaOH-activated CGD biochar

T (°C) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (J mol–1 K–1) R2

303 –11.498

–23.740 –43.608 0.987
313 –11.284
333 –9.012
353 –8.005

Fig. 4. Intraparticle diffusion of Zn2+ adsorbed on the 
NaOH-activated CGD biochar.
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NaOH-activated CGD biochar has a high adsorption 
capacity compared to other adsorbents presented in Table 8. 
Therefore, considering the low cost of this natural adsor-
bent (waste), it can be used as an alternative material to 
minimize the concentration of Zn(II) in wastewater.

4. Conclusions

The NaOH-activated carbon produced from coffee 
grounds (CG) had a high specific surface area. Kinetic 
models indicate that the Zn(II)/activated carbon system 
was best described by pseudo-second-order models and 
all isotherm models described the adsorption system. The 
prepared NaOH-activated carbon showed a high adsorp-
tion capacity of 340 mg g–1 compared to coffee grounds 
(CG) (300.51 mg g–1). Therefore, coffee grounds (CG) could 
be considered as a potential precursor for the production 
of activated carbon, which has great potential to adsorb 
Zn(II) from aqueous solutions.
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