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Abstract: Digestate, as an urban solid waste, was considered as an innovative adsorbent for
colorant polluted wastewater. Batch adsorption experiments were carried out using digestate as an
adsorbent material to remove various dyes belonging to different categories. The removal rate and
adsorption capacity of dyes were evaluated and the dose of digestate, contact time, and initial dye
concentration were studied. The maximum removal rate was approximately 96% for Methylene Blue.
The equilibrium time for the Methylene Blue was 4 h, while for other dyes, a longer contact time
was required to reach the equilibrium. The suspicion of colloidal matter release into the solution
from solid fraction of the digestate led to the investigation of the consequence of a washing step of
the digestate adsorbent upstream the adsorption experiment. Washed and not washed adsorbents
were tested and the differences between them in terms of dye removal were compared. Moreover,
experimental data were fitted by pseudo-first order, pseudo-second order, and intra-partial diffusion
kinetic models as well as Langmuir, Freundlich, and Sips isotherm models. The results from fitted
models showed that the adsorption of various dyes onto the digestate was mostly well fitted by the
Langmuir isotherm and pseudo-second-order kinetic model.
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1. Introduction

The textile industries’ wastewater pollution is becoming one of the environmental issues drawing
more and more attention owing to the unlimited release of wastewater into the surface water body [1].
With the expansion of synthetic dyes’ production scale, the dye industry has been in fierce competition
of manufacturing technology in recent years owing to its advantages in high washability and isolation
resistance [2]. Because the raw materials, intermediates, and products from the dye industry are
almost aromatic nitro and amino compounds and their derivatives, these products carry huge toxicity
and carcinogenic risk during the production process [3]. The solubility of synthetic dyes in aqueous
solution is relatively high and reactive groups in dyes can form covalent bonds with fibre.

Although the discharge of dyes into water only represented a small portion of the overall pollutants
release if compared with other more hazardous wastewaters, the control of textile wastewater was
considered as one of the most important environmental issues during recent decades, especially owing
to the high visibility of dyes even discharged at very low concentrations [4]. Dyes in wastewater can
absorb light, reduce the transparency of water bodies, consume a large amount of oxygen in water,
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cause hypoxia in water bodies, affect the growth of aquatic organisms and microorganisms, damage the
self-purification of water bodies, and easily cause visual pollution. The heavy metals in dye wastewater,
such as chromium, lead, mercury, arsenic, zinc, and other heavy metal salts, cannot be biodegraded.
They can exist for a long time in the natural environment and continue to pass through the food chain
and accumulate in the human body. If dye wastewater was discharged directly without treatment,
it would cause great threats to the stability and cleanness of human drinking water source [5].

Direct Yellow 27 (DY27) and Acid Red 66 (AR66) generally belong to azo dye categories and are
applied widely in different processes such as silk, wool, leather, jute, cotton dyeing, biological staining,
dermatology, veterinary medicine, green ink manufacture, textile dyeing, and paper printing [6].
As azo dyes have functional groups that react with a wide variety of other materials through the
establishment of covalent bonds, some harmful side effects of utilizing azo dyes were reported [7].

Reactive azo dyes such as Reactive Black 5 dye (RB5) and Reactive Violet 5 (RV5) are commonly
seen not only in textile industry, but also dyeing for paper printing, leather, and food. The azo group in
azo dyes is often connected with one or more aromatic ring systems to form a conjugated system as a
chromophore of the dye. Under certain conditions, azo dyes can be decomposed and reduced to more
than 20 aromatic amines that are carcinogenic. These dyes could change the DNA structure of the
human body during long-term contact, thereby causing disease and inducing malignant tumors [8].

Methylene Blue (MB) belongs to the category of basic dyes, known as difficult to handle and
highly soluble. MB is a widely used dye in industry, and it has one of the highest degrees of danger,
as it presents corrosive and irritant characteristics. Some animal experiments have shown that MB may
be carcinogenic in nature [9].

Various treatment technologies have been considered for dye removal from wastewater, including
chemical precipitation [10], biological treatment [11], and adsorption [12]. Owing to the complex
components of dye wastewater, high chemical oxygen demand (COD) and biochemical oxygen demand
(BOD) concentration, suspended solids, and many refractory substances, dye wastewater treatment
technology has received the full attention from water treatment researchers worldwide.

Njoku et al. [13] used rambutan (Nephelium lappaceum) peel as raw material for activated carbon
preparation. The adsorbents were prepared by the KOH activation method to remove acid yellow 17
(AY 17) with different initial dye concentrations (from 50 to 400 mg/L). The maximum adsorption
capacity by rambutan peel activated carbon and the equilibrium adsorption time of AY 17 removal
were obtained.

Garg et al. [14] investigated an adsorptive removal method using a synthesized zeolite with fly ash
as raw material for Amido black 10B; the maximum removal rate was 75.3% at the optimum dosage of
zeolite, and the equilibrium time and the stirrer speed of the experiment were evaluated in this study.

On the contrary, Qiu et al. [15] only observed an Amido black removal efficiency of 16.3% by
using natural zeolite. Qiu’s study did not demonstrate an efficient colorant removal rate, and the
dosage of Garg’s results seemed to be relatively high and required a higher stirring speed, which might
cause higher economical consumption and low efficiency. The current treatment situations for dye
wastewater urgently need an efficient and economical adsorbent.

Adsorption has become a promising method in the field of wastewater treatment based on
its ability to selectively gather certain compounds. The adsorption process is capable of removing
suspended, dissolved, and colloidal pollutants, which are still present in the effluent downstream of
secondary treatments [16]. The active sites usually exist on the surface, but also inside the adsorbent
material structure that hosts the particles contained in the water until the equilibrium condition [17].

Hence, adsorption has great potential as a solution for dye removal from wastewater thanks
to its technical feasibility, flexibility, and operation simplicity [18]. Numerous new adsorbents were
produced and studied from different bioresources for dye removal. These bio-adsorbents have been
considered promising with the large availability and low cost of their raw materials [19,20].

The increasing rate of urbanization has resulted in the massive production of organic solid wastes.
The improper management of organic waste such as digestate encroaches on a large amount of farmland
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and causes pollution to the soil, especially when various substances leach into the soil with rainwater,
which could cause soil contamination by harmful toxic chemicals, pathogens, and radioactive materials.
Moreover, this pollution could spread with the flowing water and underground water, and thus lead
to the expanded soil polluted area. Furthermore, the improper stack of digestate waste pollutes the
atmosphere by emitting a foul odor, poisonous gas, particulate diffusion, spontaneous combustion,
and incineration.

Therefore, when treating waste materials such as digestate as they are presented in large quantities,
economic and environmental compatibility should be considered under this urgent circumstance [21].
In fact, waste materials represent a very high expenditure to be made, as they should be disposed of
appropriately. Reuse of these materials would be an enormous advantage if a considerable method
was implemented. In addition, producing adsorbing materials at very low or even zero costs using
raw digestate material is economical. It is clear that investing research into these materials with regard
to wastewater treatment is an attractive perspective [22].

Hence, digestate is valuable as a potential excellent organic adsorbent [23]. The preparation of
digestate adsorbents has superiority in industrial solid waste reduction and highly-effective adsorbents
production with low cost [24]. However, barely any research focused on digestate adsorption properties
for dyes’ removal, while literature studies mainly reported experimental activities on the development
of bioreactor and the application of digestate as a nitrogen and phosphate source for farmland
fertilization [25,26].

Recent investigations [27] have shown that dissolved organic matter (DOM) may have a fundamental
effect on the pollutants present in aqueous solutions. Dissolved organic matter may hence interfere with
adsorption equilibria [28]. For this reason, washing treatment of digestate was proposed as a process
for partial elimination of DOM released by the digestate itself.

In this study, batch adsorption experiments were carried out by the use of digestate as an adsorbent
material to remove textile dyes from simulated wastewater. The experiments were carried out in
laboratory from Department of Civil, Architectural, and Environmental Engineering at University of
Naples Federico II, Naples, Italy, from May till October 2019. The removal rate and adsorption capacity
of dye contaminants were evaluated and the optimal dose of digestate, contact time, and initial dye
concentration were studied in order to evaluate the effect of each single experimental factor during
the adsorption process. The results on the optimized dosage of digestate, the equilibrium reaction
time, and initial dye concentration were also used for further mathematical model fitting. Model
fitting was carried out through pseudo-first order, pseudo-second order, and intra-particle diffusion
models in order to identify the best kinetic fitting model to describe the entire adsorption interactions
between digestate and dye wastewater. Further model studies were also carried out using Langmuir,
Freundlich, and Sips isotherm models in order to better clarify the adsorption phenomena of dyes onto
the digestate surface.

2. Materials and Methods

2.1. Raw Materials

The digestate used in this work was collected from a treatment plant located in Naples (South of
Italy), processing the biodegradable fraction of municipal solid waste obtained from source-separated
collection. The digestate was dried at 45 ◦C until a constant weight. After obtaining the dried sample,
a manual preselection was made by removing the coarsest material (branches, stones, roots, and so on)
and then a 200 mesh (75 µm) sieve was used to collect ground digestate sample [29].

The preliminary results showed the absorbance increase in distilled water once in contact with
the raw digestate, suggesting the release of optically active matter into the solution from the digestate
solid, which might interfere with the experiments. The differences between washed and not washed
digestate samples in terms of dye removal efficiency were compared in this study.
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In this study, half of the raw digestate was used directly for experiments that named as “not washed
(NW)” sample. The other half was instead used to obtain the washed digestate (W); the purpose of the
experiment was comparing the adsorption capacities and removal rates in both cases. The washing of
the digestate was carried out with distilled water in a ratio of 1:25 (g/mL) for a time of approximately
24 h in order to remove released organic matter [27,28]. After this time, appropriate filtration and
re-drying were carried out.

2.2. Batch Adsorption Experiments

The experiments were studied on two colorants belonging to the category of reactive dyes, one to
the category of direct dyes, one to the category of acids, and one to the category of bases: Reactive
Black 5, Reactive Violet 5 (Remazol Brilliant Violet 5R), Direct Yellow 27, Red 66 acid (Ponceau BS),
and Methylene Blue (Basic Blue 9). The dyes used in the adsorption experiments were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and the molecular structure and properties of each dye are shown
in Figure 1 [30–33]. The simulated dye solution was prepared to an initial concentration of 50 mg/L
based on the recent studies involving dye adsorption [13–15].

 

 

Methylene Blue                    Direct Yellow 27                        Acid Red 66 

 

 

 

 

 

Reactive Violet 5                                  Reactive Black 5 

Figure.1 Various dyes used molecular structure
Figure 1. Various dyes molecular structures.

Artificial dye solutions were mixed at different ratios of the digestate and colorant solution
(1:1, 1:5, 1:10, 1:12.5, 1:25, and 1:50 for DY27, AR66, RV5, and RB5, respectively, and 1:25, 1:50, 1:100,
and 1:200 for MB). The mixed samples were placed into a thermostatic oscillator at a speed of 120 rpm,
and sampling was carried out at 1, 2, 3, 4, 8, 24, and 48 h of treatment. In order to measure the dye
concentrations, collected samples were analyzed through ultra-violet-visible spectrophotometer under
different wavelengths (665 nm for MB, 595 nm for RB5, 577 nm for RV5, 507 nm for AR66, and 393 nm
for DY27) depending on the dyes λmax obtained from previous studies [34,35].

The mass of adsorbed dye per unit mass of digestate was obtained using the following mass
balance equation [36]:

qe =
(C0 −Ce)V

m
(1)

where C0 (mg/L) is the dyes’ initial concentration and Ce (mg/L) is the dyes’ concentration at equilibrium.
V (L) is the solution volume, and m (g) is the dry adsorbent mass. All of the batch experiments were
conducted in triplicate and the results were reported as average values with their standard errors.
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2.3. Kinetic Models

The adsorption kinetic and isotherm models were used to indicate the interaction between the
adsorbent and the adsorbate when the adsorption process reaches the equilibrium time.

Kinetic studies are generally carried out to determine the adsorption rate of the adsorbates and
control the equilibrium time of the entire adsorption process. In this study, the pseudo-first-order,
pseudo-second-order, and intra-particle diffusion were selected for model fitting with experimental data.

On the basis of the adsorption capacity at different time intervals, the pseudo-first-order model is
widely used in the adsorption of liquid adsorbates by solid adsorbents and is generally expressed as
Equation (2) [37]:

dq
dt

= k1(qe − q) (2)

Integration of Equation (2) with the boundary conditions: t = 0, q = 0, and at t = t, q = q, gives

ln(qe − qt) = ln qe − k1t (3)

where qe (mg/g) is the adsorption capacity at equilibrium and qt (mg/g) is the adsorption capacity at
time t (h), and k1 (1/h) is the rate constant of pseudo-first-order adsorption model. The values of k1 and
qe can be obtained from linear plot of ln (qe − qt) versus t.

The pseudo-second-order kinetic model based on equilibrium adsorption can be represented in
Equation (4) [38]:

dq
dt

= k2(qe − q)2 (4)

Integration of Equation (4) with the boundary conditions t = 0, q = 0, and at t = t, q = q, resulted in

1
qe − qt

=
1
qe

+ k2 t (5)

where k2 (g/mg·h) is the rate constant of the second-order adsorption. The values of qe and k2 are
calculated from the linear plot of t/qt versus t.

The intra-particle diffusion model is generally expressed as Equation (6):

qt = kpt1/2 + C (6)

where kp [mg/(g·min1/2)] is the adsorption rate constant for the intra-particle model.
Normalized standard deviation parameter ∆q(%) was also used to validate the standard errors

between pseudo first and second models by the following equation:

∆qt(%) = 100

√√√∑[(
qt,exp − qt,cal

)
/qt,cal

]2

(N − 1)
(7)

where N is the number of experimental data, and qt,exp and qt,cal are the experimental adsorption
capacity and the calculated adsorption capacity (mg/g), respectively. It is clear that the lower values of
this parameter show a better fitting of experimental and calculated data [39].

2.4. Isotherm Models

The adsorption isotherm indicates how the adsorbate molecules are distributed between the liquid
adsorbate and the solid adsorbent at given pH values and temperatures.

The adsorption capacity of an adsorbent can be determined by its equilibrium adsorption
isotherm, which can explain the amount of adsorbed substance when the adsorption reaches a dynamic
equilibrium. To analyze the validity of the adsorption data, experimental results at equilibrium time
were fitted to Langmuir, Freundlich, and Sips adsorption isotherm models.
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The Langmuir model is based on the following assumptions, the adsorbent has a uniform
adsorption surface, there is no interaction force between adsorbent molecules, and there is no substance
transfer on the adsorbent surface. The monolayer adsorption model can be represented as the following
linear Equation (8) [40]:

Ce

qe
=

1
KLqm

+
Ce

qm
(8)

where Ce (mg/L) is the equilibrium concentration of metal ions, qe (mg/g) is the amount of metal
ions adsorbed onto the adsorbent material at the equilibrium, qm (mg/g) is the theoretical maximum
adsorption capacity of metal ions onto the adsorbent, and KL (L/mg) is the Langmuir adsorption
equilibrium constant.

The Freundlich isotherm equation describes a multilayer adsorption owing to the interaction
between adsorbed molecules onto heterogeneous surfaces and is described by Equation (9) [41]:

qe = KFCe
1/n (9)

where KF ((mg/g) (L/mg)1/n) and n are the Freundlich adsorption isotherm constants, which are
indicators of adsorption capacity and adsorption intensity, respectively.

The combination of the Freundlich and Langmuir gave the Sips model Equation (10) [34].

qe =
KLFqmCn

e

1 + KLFCn
e

(10)

where KLF is the adsorption constant of Sips (L/mg). At low dye concentrations, this model reduces
to the Freundlich isotherm; while at high concentrations, it characterizes a Langmuir type isotherm.
When the heterogeneity factor is 1, the model assumes the Langmuir model, and when n > 1, positive
cooperativity is assumed, while when 0 < n < 1, negative adsorption cooperativity is expected.

3. Results and Discussion

3.1. Adsorption Ratio and Adsorption Capacity

Figure 2 shows for each experimental condition that the dye adsorption increased rapidly with
time from 1 to 4 h and then slowed down until it plateaued before 48 h. MB achieved the highest dye
adsorption capacity at ratio 1:200 (105.59 mg/g), followed by RV5 at ratio 1:50 (24.42 mg/g), RB5 at ratio
1:50 (20.35 mg/g), DY27 at ratio 1:50 (18.86 mg/g), and AR66 at ratio 1:50 (17.03 mg/g). It can be seen that
more than 90% of the total adsorbed dyes occurred before 24 h for DY27, RV5, RB5, and AR66. It can be
hypothesized that the dye adsorption phenomena through the involved digestate could be composed
of the following steps: (i) the first initial and rapid colorants adsorption in the first 2 h~4 h of the
reaction; (ii) the removal rate rapid increase, probably owing to the abundantly accessible sites on the
adsorbent surface at the initial stage of the reaction; and (iii) the dye molecules fast combination with
the active sites on the adsorbent [42]. When the surface active sites were exhausted, the adsorption rate
slowed down. During this period, the adsorption rate was controlled by the transmission rate from the
surface of the adsorbent to the pore structure inside the adsorbent, until equilibrium was reached at
4 h for MB and AR66, while for DY27, RV5, and RB5, the equilibrium time lasted longer (8 h~24 h).

It can be seen from Figure 2 that, with a higher dosage of adsorbent, a higher adsorption capacity
was obtained, only owing to the providing of higher active sites. It is obvious that, with the increase of
the amount of adsorbent, the active sites of the adsorbent also increase. Therefore, under the high
adsorbent dosage, the number of active sites is greater than the dye molecules, which leads to the
possibility that a considerable proportion of the active sites on the adsorbents have no effect, resulting
in a decrease in the actual efficiency of the adsorption [43].
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During this stage, dye molecules can quickly bind to active sites in the adsorbent, when the active
sites in the adsorbent are almost occupied, the reaction rate decreases, reflected in the increase of the
removal rate afterwards, which tends to be gentle. The reaction rate is dominated by the mass transfer
rate into and out of the sorbent until the adsorption reach equilibrium. Compared with the results of
the previous research data [44,45], it can be found that the digestate adsorbent used in this study had
efficient adsorption efficiency. Under the same dosage or adsorption time, the adsorbent could obtain
higher dye adsorption capacity, while other adsorbents required more dosage or longer adsorption
time to achieve the desired result.

From Figure 2, by comparing the data from not washed and washed digestate on dye adsorption,
it was possible to observe that the higher release values mostly occurred by involving the NW digestate.
Moreover, not washed digestate sample was also the one characterized by a higher removal rate
toward dyes. This may prove that the washing process of digestate enhanced the release of dissolved
organic matter from the solid material and these particles may be organic matter, which plays a
significant role in dye adsorption and removal. Furthermore, owing to the low removal achieved with
the washed digestate adsorbent, it was assumed that considerable fractions of the contaminants were
likely to adsorb on colloids removed from the digested by washing [46]. Under the same operating
conditions, the optimal value of not washed digestate adsorbent dosage could be useful in order to
obtain considerable dye removal efficiency as well as to decrease resources’ consumption rate and
treatment costs compared with the washed digestate [47].

Figure 3 shows the adsorption capacity data of the various dyes onto digestate sample. All the
dye adsorption reactions reached equilibrium quickly after 4 h. This may owe to reduced external and
internal mass transport resistances. Proper stirring speed and possibly considerable pore structure
could provide a constant and stable reaction environment [48]. Among them, the adsorption effect
of MB was particularly obvious, which may be caused by the size of dye molecules [49]. According
to the summarization of the physical and chemical properties of each dye, the molecular size of MB
(MW = 319 mg/mol) was found to be smaller compared with the other four dye molecules. This may
indicate that the pore structure of the adsorbent is more inclined to the meso and microporous
structure, which has a bias for the adsorption of dye molecules with smaller particle sizes. In addition,
this result may also indicate that some chemical adsorption processes occurred more often between
MB and the adsorbents, and the reaction between MB molecules and specific functional groups on
the surface of the adsorbent is stronger and more frequent [50]. In this case, further experiments
should be considered to investigate the removal of similar molecule size pollutants with MB. Detailed
characterization measurement of digestate adsorbents should be investigated in order to understand
the adsorption mechanism.

1 
 

 

 
Figure 3. Adsorption capacity of various dyes onto digestate adsorbents. Ratio 1:50 (Wadsorbents = 0.05 
g: Cdyes = 50 mg/L). (a) Not washed digestate adsorbent, (b) washed digestate adsorbent. 
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Similarly, it can also be found from Figure 3 that, for every dye, the adsorption capacity of the NW
adsorbent was higher than the washed adsorbent. However, the trend of adsorption behavior towards
different dye types was similar. Finally, the significant adsorption rate on MB was still observable in
the washed adsorbent results.

3.2. Initial Dye pH and Concentrations

The research investigated digestate adsorption at different pH conditions (pH = 3 to 8) for all
the dye solutions. The removal rates and adsorption capacities after 48 h remained similar at all pH
conditions, and the pH value before and after the adsorption only shifted slightly. Therefore, it can
be explained that the pH may have an insignificant influence during the adsorption process between
digestate and dyes.

Deng, et al. [1] used cotton stalk (CS), sulphuric acid treated cotton stalk (SCS), and phosphoric
acid treated cotton stalk (PCS) as adsorbents for removing Methylene Blue (MB) from aqueous solutions,
and the adsorption capacity was in the order of SCS > PCS > CS. It was identified that initial pH of
aqueous solution had a great impact on the removal efficiency of CS. However, further treatment to
the cotton stalk adsorbents increased the economic cost and phosphoric acid addition may cause a
eutrophication effect on the aquatic environment.

Gök, et al. [2] investigated the removal of Reactive Blue 19 (RB19) onto modified bentonite from
aqueous solutions. The optimum pH value for the adsorption experiments was found to be 1.5 and all
the experiments were carried out at this pH value. The acidity requirement was considered too low
and it was difficult to implement in practical application. In addition, the low pH value required high
concentration acid addition, which led to excess economic consumption.

However, in this research, the impact of initial pH of dye solution was negligible, which demonstrated
good adaptability of digestate under different pH conditions compared with the studies mentioned
above. There were no additives required to adjust the pH of the solution. Thus, the optimum pH value
for digestate removal on dyes is the initial solution pH.

The influence of the dye initial concentration in the solutions on the digestate adsorption rate
was investigated at the initial pH value (pHRB5 = 6.58, pHAR66 = 6.48, pHDY27 = 7.01, pHRV5 = 6.80,
pHMB = 6.89). As shown in Figure 4, when the initial dye concentration increased, the digestate
adsorption capacity increased as well. This indicated that the initial dye concentration could strongly
affect the adsorption capacities of dye onto digestate. The adsorption process reached equilibrium
quickly at a lower concentration. Under a specific amount of adsorbent, the adsorption surface area
and related available active sites are limited [51]. Even if, at a high concentration, dye molecules
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increase and drive the adsorbate particles closer to the adsorbent particles, it is still difficult for the
saturated adsorbent to adsorb the excess adsorbate because all the active sites have been occupied.
In addition, the involved driving force is the mass gradient, which increases with an increase in initial
dye concentration [52]. At lower concentrations, the ratios of adsorbates to the adsorption sites are low
and higher presence of only monolayer coverage occurs. On the contrary, multilayer adsorption is
more likely to happen at a higher concentration.
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Figure 4. Adsorption capacity under different ratio at 48 h for not washed and washed digestate
adsorbent removal of various dyes. (a) MB; (b) DY27; (c) AR66; (d) RV5; (e) RB5.

3.3. Adsorption Kinetics

As shown in Table 1, the highest correlation coefficients were obtained from the application of
the pseudo-second order kinetic model, thus demonstrating that this model provided a suitable fit
between calculated and experimental data. According to this, it was possible to assess that both the
dye concentrations and the adsorbents used in the adsorption process were involved in the speed
determination phase [53]. According to Table 1, the k2 calculated from pseudo-second order model
represented the adsorption rate of the reaction, and the values at high ratios were relatively higher
than other ratios. These results confirmed the assumption in the batch experiment results. With higher
dosage of the adsorbents, more active sites were added into the adsorption system, which provided
more space with which adsorbates to be occupied. As a matter of fact, this also increased the adsorption
rate during each dye removal reaction. The applicability of the pseudo-second order kinetic model
demonstrated that the limiting stage of the process was the adsorptive mechanism rather than the
mass transfer from the solution to the adsorbent’s surface. It also reflected that the adsorption behavior
may involve the valence forces through sharing electrons between the adsorbate and adsorbents [54].

Similar results were also found out by Berrazoum, et al. [10], who acquired biosorbent obtained
from municipal solid waste for the sorption of yellow procion reactive dye MX-3R. The results
clearly showed that the adsorption kinetic mechanism of MX-3R onto biosorbent followed the pseudo
second-order model.

Zhou, et al. [12] also found out the biggest R2 value from fitted pseudo-second-order kinetics
model based on the adsorption removal study of cationic red X-5GN and cationic blue X-GRRL using
industrial waste coal gangue.
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Table 1. Kinetic parameters of different models for various dyes adsorption on the not washed (NW)
and washed (W) digestate adsorbent. MB, Methylene Blue.

Adsorbents
qe(exp)
(mg/g)

Pseudo-First-Order Pseudo-Second-Order Intra-Particle Diffusion

qe(cal)
(mg/g)

k1
(1/h) R1

2 ∆q
(%)

qe(cal)
(mg/g)

k2
(g/mg·h) R2

2 ∆q
(%)

kp

[mg/(g·min1/2)]
R3

2

MB nw 1:200 102.85 105.59 0.0023 0.8542 1.5381 107.53 0.0002 0.9991 2.6254 1.0334 0.7735
Yellow nw 1:50 18.86 20.00 0.0007 0.8225 3.4722 18.51 0.0005 0.9780 1.0617 0.1448 0.8413
Red nw 1: 50 16.27 17.03 0.0010 0.7534 2.6969 17.98 0.0003 0.9924 6.0879 0.2657 0.8542

Violet nw 1: 50 24.42 24.50 0.0019 0.9410 0.1757 26.04 0.0002 0.9812 3.8198 0.385 0.6118
Black nw 1:50 20.35 19.90 0.0020 0.5324 1.2735 20.44 0.0024 0.9998 0.2655 0.1026 0.4749
MB w 1:200 83.65 90.70 0.0013 0.5654 4.8645 90.91 0.0002 0.9986 5.0102 0.6282 0.7565

Yellow w 1:50 22.40 21.50 0.0010 0.6288 2.3115 22.88 0.0006 0.9986 1.2432 0.2492 0.7202
Red w 1: 50 14.37 14.28 0.0034 0.8608 0.3614 14.66 0.0013 0.9990 1.1365 0.1416 0.6430

Violet w 1: 50 25.75 25.80 0.0021 0.9765 0.0993 29.94 0.0001 0.9470 9.3800 0.5205 0.9398
Black w 1:50 15.08 15.10 0.0023 0.9322 0.0747 16.80 0.0002 0.9619 6.6088 0.2807 0.6947

3.4. Adsorption Isotherms

As shown in Table 2, better data fitting can be observed with the Langmuir isotherm model with
higher correlation coefficients compared with the Freundlich and Sips model for most of the colorants.
In addition, the highest R2 value was obtained from Methylene Blue, whose adsorption capacity was
also better interpreted by the Langmuir model.

Table 2. Isotherm parameters of different models for various dyes adsorption on the not washed (nw)
and washed (w) digestate adsorbent.

Dye
qe

(mg/g)

Langmuir Isotherm Freundlich Isotherm Sips Isotherm

qm
(mg/g)

KL
(L/mg) RL R2 KF

(mg/g(L/mg)1/n)
1/n

(mmol/g) R2 n qm
(mg/g)

KLF
(L/mg) R2

Yellow NW 15.2876 22.7790 0.0493 0.2884 0.9452 22.6358 2.5770 0.9228 0.3880 18.1818 0.1152 0.8408
Yellow W 17.0318 1.8850 0.0289 0.4088 0.8905 1.8055 0.9870 0.7801 1.0132 1.9968 0.0273 0.9032
Black NW 19.4047 5.5402 0.0262 0.4331 0.5105 29.3833 1.8085 0.9234 0.5529 5.6022 0.1093 0.7886
Black W 16.8394 0.8210 0.0215 0.4814 0.0506 19.9950 2.8271 0.1300 0.3537 1.2073 0.2309 0.1652
Red NW 15.5198 13.0208 0.0839 0.1925 0.5439 1.5184 4.0241 0.6292 1.7486 10.8578 0.0230 0.7256
Red W 13.5397 0.7997 0.0272 0.4240 0.6622 17.1023 0.5719 0.8692 0.2485 0.1361 0.4125 0.7269

Violet NW 14.5638 25.7069 0.0105 0.6568 0.0305 1.4292 1.4815 0.4285 1.2267 16.4474 0.0411 0.7575
Violet W 9.1926 3.0497 0.0151 0.5703 0.0161 32.4190 0.8152 0.1231 0.6750 6.4977 0.0509 0.2682
MB NW 105.5900 135.1351 0.1682 0.1063 0.9264 24.4118 1.9312 0.7240 0.5178 196.0784 0.2417 0.7715
MB W 90.6980 116.2791 0.1203 0.1426 0.9465 19.6562 2.1299 0.8092 0.4695 188.6792 0.1834 0.9120

The isotherm fitted with the Langmuir model also showed that the NW digestate adsorption
could be a more representative adsorption process compared with the washed digestate, which had
lower R2 values of all the colorants.

As mentioned above, the Freundlich model parameter 1/n represented the heterogeneity factor,
which can be used to evaluate whether the adsorption process was chemisorption (for 1/n > 1) or
physisorption (for 1/n < 1) [55]. In the present work, this parameter displayed different values for
washed and not washed adsorbents (Table 2). In fact, the adsorption process with washed digestate
resulted physical, while the adsorption process by not washed digestate was chemical. This could
suggest that the released DOM from digestate was the main affecting factor of the adsorption process
because of the chemical reaction occurred with the dye molecules. After washing, the DOM was
eliminated from the adsorbent, and the entire adsorption process was simply physical between the
dye molecule and digestate. Langmuir model provided maximum monolayer adsorption capacity,
which was obtained as 135.13 mg/g by not washed digestate adsorbent for MB removal. Furthermore,
the dimensionless separation factor can be calculated from Langmuir model, which was described by
Equation (8), is a valuable parameter to assess the adsorption process: process is irreversible if RL = 0,
favorable if 0 < RL < 1, linear if RL = 1 [56].

RL =
1

1 + KLC0
(11)
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where C0 refers to dye initial concentration (mg/L) and KL (L/mg) is Langmuir constant. This factor
was easily calculated, and for all initial concentrations conducted in this work, the RL was between
0 and 1 (Table 2), indicating a favorable process. This result confirmed the previous assessment of
adsorption process studied by 1/n value in Freundlich model. The higher the 1/n value, the more
dominant the chemical adsorption reaction. At the same time, the lower the RL value, the closer the
adsorption reaction is to irreversibility.

4. Conclusions

The use of the digestate as an innovative adsorbent material for dye removal was proved to
be satisfactory.

Batch adsorption experiments were carried out towards various dyes (Methylene Blue, Direct
yellow 27, Acid Red 66, Reactive Violet 5, Reactive Black 5) and the results showed that the dye
adsorption rapidly increased up to 4 h and then slowed down until the achievement of the equilibrium
condition before 48 h for all dyes. Highest dye adsorption capacity was observed for MB at ratio 1:200
(105.59 mg/g), followed by RV5 at a ratio of 1:50 (24.42 mg/g), RB5 at a ratio of 1:50 (20.35 mg/g), DY27
at a ratio of 1:50 (18.86 mg/g), and AR66 at a ratio of 1:50 (17.03 mg/g).

From a comparison of washed and not washed samples, it appears that the adsorption process is
more favourable for samples treated with not washed digestate than with washed one. From these two
considerations, it can be assumed that part of the dye was adsorbed directly on the material that was
released from the adsorbent after the washing. This perspective could be interesting as it might be the
main reason of the adsorption mechanism. Therefore, further studies focusing on the DOM released
from the digestate deserve deepened focus and discussion.

The study of kinetics has shown that the adsorption process depended on the concentrations
of both adsorbents and adsorbates (pseudo-second order model). In this case, the mechanisms of
chemical adsorption have produced very favorable removal efficiency results for DY27, AR66, RB5,
RV5, and MB.

The isotherm fitted with the Langmuir model also showed that the adsorption with not washed
digestate was more efficient than adsorption with the washed digestate, which was characterized by
lower R2 values for all the colorants.

Finally, the results observed in this work could provide a better understanding on the adsorption
behavior of the digestate and useful information on the beneficial utilization of this promising low-cost
renewable source. It is valuable to investigate the reusability of the sorbents in order to demonstrate
their efficiency in a number of cycles sorption/desorption in the future study. Further study should
also include physicochemical analysis of the digestate particles before and after adsorption in order to
deeply understand the digestate adsorption process.
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