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Abstract
Among the most common water contaminants, dyes are responsible for polluting rivers and other water bodies as well 
as contributing to other environmental problems, thus posing serious health hazards to humans and animals. In order 
to minimize these environmental impacts, this study proposes the use of Onecarpus bacaba Mart fiber residues, in natura 
(OBMi) and NaOH-modified (OBMm), to bioadsorb rhodamine b (RhB) and methylene blue (MB) dyes. The biosorbents 
OBMi and OBMm were characterized by means of infrared spectroscopy, thermogravimetric analysis, X-ray diffraction, 
Boehm titration, PZC, and scanning electron microscopy. This study also analyzed the influence of pH, contact time, 
absorbent mass, temperature, and contaminant concentrations by means of batch equilibrium assays. It was observed 
that the OBMi absorbent showed a low dye removal capacity. Maximum OBMm adsorption capacity for RhB and MB at 
25 °C was 26.60 mg  g−1 and 407.98 mg  g−1, respectively. In both systems, OBMm:RhB and OBMm:MB, adsorption kinetics 
followed a pseudo-second-order model, and the Langmuir and Freundlich models constituted the best fit for isothermal 
curves. Lastly, thermodynamic parameters indicated that adsorption of both RhB and MB onto OBMm is spontaneous.
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1 Introduction

Global concerns about fresh water go beyond its pending scarcity; they also include the impact on ecosystems caused by 
industrial discharges of contaminants, such as heavy metals, dyes, drugs, and pesticides, into rivers, lakes, and other water 
bodies [1–3]. Several sustainability programs and initiatives have been proposed in response to this important environmen-
tal and social challenge [4]. The most recent initiative is the 2030 Agenda, whose objectives comprise outlining strategies 
for improving the quality of freshwater by reducing pollution caused by toxic chemicals released into water bodies [5].

Widely used in industry, dyes can cause serious pollution problems when inadequately discharged into water bodies. 
Accumulation of dyes in nature negatively affects ecological balance and human health, since most of them are toxic, 
carcinogenic, and non-biodegradable [6].

Among the most common dyes are rhodamine B (RhB) and methylene blue (MB). A cationic dye, RhB has been identified 
as a Grade 3 carcinogen by the International Agency for Research on Cancer (IARC) due to its toxicity and potential carci-
nogenic mutagenicity [7–9]. On the other hand, despite not exhibiting high toxicity and even being occasionally used as 
medicine, the presence of MB in water can still have harmful effects on living organisms as it does not degrade easily [10, 11]. 
Extended exposure to MB has been known to cause eye irritation, tachycardia, vomiting, and delayed mental maturation.

Several processes are presently employed for removing pollutants from effluents, such as ion exchange, electrokinetic 
coagulation, membrane filtration, and adsorption. Among these processes, adsorption has been widely used due to its 
low cost, thermal and chemical stability, selectivity, and high removal capacity for different types of dyes [3, 12].

In adsorption processes, activated carbon is the most frequently used adsorbent, owing to its large specific area, 
micro-pore characteristics, and high adsorption capacity [13]. Notwithstanding these advantages, the use of activated 
carbon is costly in large-scale operations as it needs to be regenerated after every adsorption cycle [13]. For this reason, 
lignocellulosic materials, such as biosorbents, have been proposed as alternatives.

Several researchers have investigated the use of agro-industrial residues as biosorbents to remove contaminants 
from water bodies. Some biomasses have shown satisfactory results in RhB and MB absorption, such as coconut waste 
[8], rice straws [10], almond husks [14], rosemary residues [9], walnut shells [2, 15], banana peels [16], Rhus coriaria L. 
(Anacardiaceae) [17], Clitoria fairchildiana [18], and black tea residues [7].

In this vein, this study was carried out with fiber residues from production of abacaba trees (Oenocarpus bacaba Mart) 
(OBM), a fruit species native to the Amazon region. Found throughout the Amazon Basin, with higher frequency in the 
states of Amazonas and Pará, Brazil, the habitat of OBM consists of pristine high-altitude terra-firme forests [19]. OBM is a 
thornless palm tree, with a sole, smooth, straight trunk up to 20 m high. This palm tree belongs to the Arecaceae family, 
the third most economically important botanical family after the Poaceae and Fabaceae families. The Arecaceae family 
comprises over 2500 species distributed into 200 genera occurring mostly in the tropics [19].

The sustainability of OBM farming in the Amazonic region can vary depending on local practices and management. 
In some areas, sustainable farming practices are employed, while in others, there may be issues related to deforestation 
and unsustainable land use. Ex situ conservation, one of the most common approaches, has demonstrated its superiority 
over other conservation methods. Embrapa Amazônia Oriental has notably established and currently manages the sole 
Active Germplasm Bank for Oenocarpus, known as the Bacabas Germplasm Bank (BAG) [20]. This BAG, initiated in 1989, 
is located at the institution’s headquarters in Belém, PA, and consists of field cultivation with plants spaced at 7 × 7 m 
intervals. Within this setting, BAG accessions undergo characterization and evaluation for fruit production characteris-
tics and processed pulp quality. Nevertheless, this conservation approach, despite its expansive land requirements and 
associated costs, falls short of ensuring the long-term preservation of the natural variability.

Given the above, this study presents the removal of RhB and MB dyes (Fig. 1) from synthetic solutions using in natura 
and modified OBM fibers (OBMi and OBMm, respectively) as biosorbents.

2  Materials and method

2.1  Chemicals

RhB and MB stock solutions (0.01 mol  L−1) were prepared weekly with double-distilled water. Then, these stock 
solutions were diluted with double-distilled water until reaching the adsorbate concentrations required for the 
assays. In order to quantity the surface functional groups of OBMi and OBMm, NaCl (≥ 98%),  NaHCO3 (≥ 99.7%), 
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and  Na2CO3 (≥ 99.0%) were used. For pH adjustment, NaOH (98%) and HCl (37%) solutions were used. All reagents 
were purchased from Sigma Aldrich.

2.2  Oenocarpus bacaba Mart processing

OBM fibers were collected on the ground in rural areas of Itacoatiara (3°08′ 01.65′′ S 58° 26′ 19.04′′ W), Amazonas 
State, Brazil (Fig. 2a). They were washed, dried for 24 h at 60 °C in an oven with air circulation, manually separated 
from seeds, and ground in a knife mill (ACB Labor). The resulting material was sieved through a 100 mesh sieve 
(150 μm) and labeled as OBMi (Fig. 2b).

For the alkaline modification, 10 g of OBM fibers were placed in contact with an aqueous NaOH solution (4.0% 
w/v). Then, the system was left to rest for 24 h. Next, the fibers were washed with distilled water until the superna-
tant pH was close to neutral. Subsequently, the NaOH-modified adsorbent was dried in an oven at 60 °C for 24 h and 
labeled as OBMm (Fig. 2c).

2.3  OBM characterization

2.3.1  FTIR spectroscopy

FTIR spectra were obtained on a Shimadzu spectrophotometer (IRAffinity-1S). Analyses were performed using the 
KBr pressing method within the spectral range between 4000 and 400  cm−1 at 4  cm−1 resolution.

Fig. 1  Representation of the 
structures of the dyes used in 
this study: (A) rhodamine b 
(RhB) and (B) methylene blue 
(MB)

Fig. 2  a Oenocarpus bacaba Mart fruit, b in natura Oenocarpus bacaba Mart fibers, and (c) Oenocarpus bacaba Mart fibers after alkaline mod-
ification
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2.3.2  Surface functional groups

Analyses to quantify organic functional groups present on the surface of OBM were performed by Boehm titration 
[21], in which 200 mg of this adsorbent were dispersed into 25 mL of  NaHCO3 (0.05 mol  L−1),  Na2CO3 (0.05 mol  L−1), 
NaOH (0.02 mol  L−1; 0.1 mol  L−1), and HCl (0.02 mol  L−1) solutions in Erlenmeyer flasks and stirred for 24 h.

In addition to quantifying existing organic functional groups, Boehm titration was employed to better understand 
the adsorption process. To this end, samples were filtered through filter paper and excess acid and base were deter-
mined by titration in triplicate (± 0.1 standard deviation) with NaOH (0.1 mol  L−1) and HCl (0.1 mol  L−1) solutions, 
respectively. Surface groups were analyzed as follows:  NaHCO3 (carboxylic groups),  Na2CO3 (carboxylic groups and 
lactones), NaOH (carboxylic groups, lactones, and phenolic groups), and HCl (basic sites) [22].

2.3.3  Point of zero charge (PZC)

The PZC of the adsorbents was determined by placing 50 mg them in contact with 20.0 mL of aqueous solution of 
NaCl (0.1 mol  L−1) at pH between 2.0 and 12.0 for 24 h. NaOH (0.1 mol  L−1) and HCl (0.1 mol  L−1) solutions were used 
to adjust the pH. The supernatant was filtered and the final pH was measured. PZC was determined by calculating 
the difference between initial and final pH values (i.e., ΔpH =  pHf–pHi), where ΔpH was plotted against  pHi and the 
PZC was obtained from the intersection of the lines [18, 23].

2.3.4  Thermogravimetric analysis (TGA)

TGA was carried out in an alumina capsule with approximately 15 mg of material, which was subjected to a heating 
rate of 10 °C  min−1 from 0 to 800 °C under nitrogen atmosphere on a TGA-51 Shimatzu instrument at an  N2 flow rate 
of 20 mL  min−1.

2.3.5  Determination of surface area (BET method)

Physical adsorption of nitrogen at low temperatures (− 196.15 °C) was used to measure the surface area by BET 
(Brunauer–Emmett–Teller method) on an ASAP 2010 Micrometrics instrument and using BJH (Barrett–Joyner–Halenda 
method) to calculate the pore volume.

2.3.6  Scanning electron microscope (SEM)

Micrographs were obtained by SEM (field emission scanning electron microscopy) on a 7500F JEOL instrument at 
different magnifications. Samples were covered with a thin layer of gold, using a sputter coater, and analyzed under 
a scanning electron microscope. A 250 kV electron beam was employed, which enabled the researchers to obtain 
micrographs of the physical structure of the surfaces of the adsorbents under investigation.

2.3.7  X‑ray diffraction

XRD data (X-ray diffraction) were obtained on a D2 phaser diffractometer equipped with a LinxEye detector, operat-
ing with CuK α, nickel filter, 30 kV, and 10 mA. Powder diffraction patterns were obtained from 2θ = 8° to 100°, at 0.02 
and 5 s/step rate. Peak deconvolution of diffraction patterns was carried out with TOPAS 4.2 software (Bruker-AXS).

2.4  Process evaluation

2.4.1  Effect of initial pH

The effect of pH on adsorption of RhB and MB onto OBMi and OBMm was investigated at different pH values (2.0, 4.0, 
6.4, and 10.0), i.e., at  pHPZC as well as below and above  pHPZC. Initially, pH values of the dye solutions were adjusted using 
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NaOH and HCl solutions, by adding 200 mg of each adsorbent to 25 mL of 1.1 ×  10–5 mol  L−1 RhB solutions for 60 min. 
Subsequently, samples were centrifuged at 3500 rpm for 10 min and each dye concentration was calculated from the 
absorption intensity measured in the supernatant at its maximum absorption wavelength (λ = 554 nm) on an Agilent 
UV–Vis spectrophotometer. Removal efficiency was determined according to Eq. (1). This procedure was repeated for 
MB as contaminant, under the same conditions as those used in the assays with RhB, albeit with initial concentration of 
4.1 ×  10–5 mol  L−1 and using the maximum absorption wavelength for MB (λ = 672 nm).

where %R is removal efficiency and Ci and Cf are initial and final dye concentrations (mol  L−1), respectively.

2.4.2  Influence of ionic strength

To investigate the effect of ionic strength on adsorption capacity in the RhB dye solution, concentrations of different elec-
trolytes in the dye solutions (NaCl and  CaCl2) ranged from 0.005 to 0.02 mol  L−1, at initial concentration of 1.1 ×  10–5 mol 
 L−1, pH 4.0 (OBMi), and 6.0 (OBMm), and 25 °C. This procedure was repeated for MB as contaminant under the same 
conditions as those used in the assays with RhB, albeit with initial concentration of 4.1 ×  10–5 mol  L−1. Removal efficiency 
was calculated using Eq. (1).

2.4.3  Biosorbent dose

The effect of OBMi and OBMm dosage on dye removal was tested in the range between 25 and 300 mg, using 25 mL 
of RhB solution at a concentration of 1.1 ×  10–5 mol  L−1 and pH 4.0 (OBMi) and 6.0 (OBMm). The mixture was stirred for 
60 min at room temperature (25 °C). This procedure was repeated using MB as contaminant under the same conditions 
as those used in the assays with RhB, albeit with initial concentration of 4.1 ×  10–5 mol  L−1. The removal efficiency was 
calculated using Eq. (1).

2.5  Adsorption kinetics assays

Kinetics assays were conducted in triplicate (standard deviation ± 0.1), using 25 mL of RhB solution with a concentration 
of 1.1 ×  10–5 mol  L−1 and 200 mg of OBMm (pH 6.0). The mixture was placed under stirring at 25 °C with 60 min of contact 
time. The supernatant and dye solution were then reanalyzed for maximum length of dye adsorption. This procedure 
was repeated using MB as contaminant, under the same conditions used as those used in the assays with RhB, albeit with 
initial concentration of 4.1 ×  10–5 mol  L−1. The amount of dye adsorbed as a function of time was calculated using Eq. (2).

where qt (mg  g−1) is the amount of RhB/MB adsorbed at time t, Ci (mol  L−1) is the initial dye concentration, Ct (mol  L−1) is 
the dye concentration in the aqueous solution at time t, v (L) is the volume of the dye solution used, MW is the molecular 
weight of each dye (g  mol−1) and m (g) is the mass of the biosorbent in question.

2.6  Adsorption isotherms

After the adsorption kinetics assays, isotherm assays were conducted in triplicate (standard deviation ± 0.1) with 25 mL 
of dye solution and concentration ranging between  10–6 and 4.1 ×  10–2 mol  L−1 for MB and between  10–7 and 5 ×  10–4 mol 
 L−1 for RhB, ~ 200 mg OBMm (pH 6.0). The mixture was placed under agitation at controlled temperatures (25 °C and 
55 °C) and defined contact time. Then, the dispersion was centrifuged, and the supernatant of each dye solution was 
analyzed at its corresponding maximum absorption wavelength. The amount of each dye adsorbed as a function of the 
equilibrium concentration was calculated using Eq. (3).

(1)%R =
(Ci − Cf )

Ci
x100,

(2)qt =

(

Ci − Ct
)

∗ v ∗ MW

m
,
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where qe (mg  g−1) is the amount of adsorbed RhB/MB as a function of Ce, and Ce (mol  L−1) is the dye equilibrium concen-
tration in the aqueous solution.

2.7  Thermodynamic parameters

The thermodynamic parameters Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) were calculated according 
to Eqs. (4) through (6):

where  Ke is the equilibrium constant (dimensionless), ρ is the water density (g  L−1),  qe is the amount of dye adsor-
bent (mg  g−1),  Ce is the equilibrium concentration of the dye in the solution (mg  L−1), R is the universal gas constant 
(8.314 J  mol−1  K−1) and T is temperature (K). ΔHº (J  mol−1) and ΔS° (J  mol−1  K−1) can be calculated from the slope (ΔHº/R) 
and intercept (ΔS°/R) of the plot  lnKe vs 1/T.

2.8  Desorption assays

To carry out the batch adsorption process, 25 mL of aqueous dye solution (3.0 ×  10–5 mol  L−1) were placed in contact with 
200 mg of OBMi or OBMm under stirring for 60 min. Post-adsorption samples were collected, dried at 90 °C for 12 h, and 
placed in contact with 25 mL of ethanol at pH 4.0 (OBMi) and 6.0 (OBMm) under agitation for 10 min. After the adsor-
bents were separated by centrifugation, the supernatant was analyzed by ultraviolet–visible spectroscopy to estimate 
the amount of desorbed dye. The adsorption/desorption assays were performed three times, with two recycling cycles. 
The desorption rate was calculating by Eq. (7) [24].

where %D is desorption efficiency,  Ca is the concentration of adsorbed dye (mol  L−1) and  Cd is the concentration of des-
orbed dye (mol  L−1).

3  Results and discussion

3.1  Characterization of biosorbents

3.1.1  FTIR measurements

The presence of surface functional groups observed through Boehm titration was obtained by FT-IR spectroscopy for 
OBMi and OBMm before adsorption (Fig. S1).

OBMi and OBMm infrared spectra indicate the presence of functional groups typical of lignicellulosic materials before 
and after biosorption. The stretching band at around 3.425  cm−1 obtained for OBMi and OBMm can be attributed to O–H 
stretching vibrations of hydrogen-bonded hydroxyl groups (from alcoholic, carboxylic or phenolic groups) and water 
adsorbed on the surface [25]. The bands at 2.920 and from 2.852 to 2.839  cm−1 are attributed to C-H bond stretching in 
methyl and methylene groups [18, 26–29].

(3)qe =

(

Ci − Ce
)

∗ V ∗ MW

m
,

(4)Ke =
qe

Ce
x�,

(5)lnKe =
ΔS◦

R
−

ΔH
◦

RT
,

(6)ΔG
◦

= ΔH
◦

− TΔS
◦

,

(7)%D =
Cd

Ca
x100,
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The region between 1.750 and 1.600  cm−1 is characteristic of lactone, carboxylic, and carbonyl acid groups. The intense 
band at 1.648  cm−1 is characteristic of C=O bonding in carbonyl groups and the band at 1.045  cm−1 is related to C–O 
bonding in esters [29]. According to Takeno et al., the band at 1.453  cm−1 is due to  CH2 scissoring motion in cellulose 
and hemicellulose. This band is associated to Type I cellulose crystals, an expected result since most tall plants feature 
this type of structure. Aromatic C=C stretching vibrations occur between 1.510 and 1.455  cm−1. The vibration peak at 
896  cm−1 corresponds to C–O–C stretching vibration at β-(1 → 4) glycosidic linkage in cellulose [26].

FTIR spectra for OBMi and OBMm indicate that their outer surface is rich in numerous functional groups containing 
oxygen from carboxylic and carbonyl species. These active surface groups may be responsible for increasing adsorption 
of cationic species such as MB and RhB due to electrostatic interactions.

3.1.2  Surface groups

Surface groups evidence the prevalence of acidic sites in OBMi and OBMm, as shown in Table 1.
The larger number of acidic sites indicates that the surface may have OH groups, resulting in greater adsorption 

capacity of cationic dyes.

3.1.3  Thermogravimetric analysis (TGA)

TGA was performed before and after chemical modification. OBMi and OBMm thermal stability was evaluated at the 
adsorption temperatures used in this study (Fig. 3).

OBMi and OBMm TGA curves show four distinct stages of weight loss as a function of temperature (Fig. 3). Initially 
(i.e., from 40 to 100 °C), there is loss of water adsorbed onto the surface of both adsorbents. Only at around 200 °C does 
degradation of the materials begin. This behavior is indicative of good thermal stability of OBMi and OBMm, suggesting 
that these biosorbents can be used without affecting adsorption at temperatures above 50 °C.

The second and third stages depict hemicellulose and cellulose degradation [25, 30]. The total mass loss at these 
stages is approximately 44% for OBMi and 55% for OBMm. The last stage occurred between 380 °C and 800 °C, denoting 
lignin degradation (≈ 16%). At this stage, it is also possible to observe that chemical modification reduced the amount 
of lignin in OBMm, which was also reported in other studies [2, 10]. At the end of the analysis, 30.83% and 21.58% of 
residues (mostly carbonaceous) were obtained with OBMi and OBMm, respectively.

3.1.4  Surface area (BET method)

OBMi and OBMm surface areas are directly related to their adsorption capacity, hence their surface areas as well as their 
pore volumes were quantified (Table 2).

It should be noted that OBMm pore volume and surface area increased substantially after chemical modification in 
basic medium when compared to those of OBMi. This effect is probably due to partial lignin degradation (the outermost 
part of fibers) caused by NaOH [31].

3.1.5  Scanning electron microscope (SEM)

OBMi and OBMm SEM micrographs at × 250, × 500, and × 1000 magnifications are shown in Fig. 4a–f.

Table 1  Surface groups 
quantified by Boehm titration 
for OBMi and OBMm

Surface functional group OBMi (mM  g−1) OBMm 
(mM  g−1)

Lactone 2.22 4.45
Carboxylic acid 2.32 3.46
Phenolic 0.45 0.97
Acid groups (total) 4.99 8.88
Carbonyl 3.63 6.34
Other base groups 1.03 0.14
Base groups (total) 4.66 6.48
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Micrographs of the biosorbent after chemical modification (OBMm) show pores with larger diameter as compared to 
the ones shown in the images obtained before modification (OBMi). This result corroborates the aforementioned values 
obtained by means of BET.

3.1.6  X‑ray diffraction (XRD)

Figure 5 shows XRD patterns for OBMi and OBMm. The broad diffraction background and the absence of a thin band in 
both XRD profiles are indicative of predominantly amorphous structures [2, 16]. The characteristic crystalline cellulosic 
component can be identified by three peaks at 2θ values of ~ 15°, 22°, and 35° (Fig. 5a, b).

The crystalline structure of cellulose is primarily attributed to Van der Waals forces and hydrogen bonding interac-
tions between adjacent molecules. On the other hand, hemicellulose and lignin confer the amorphous characteristic 
to the material [32, 33]. Lastly, the diffraction profile of native cellulose can be observed, in agreement with FTIR data 
evidencing a band at ~ 1450  cm−1 (typical of Type I cellulose) and with TGA data showing a peak at 320 °C implying cel-
lulose degradation.

3.1.7  Point of zero charge (PZC)

OBMi and OBMm PZCs (Fig. S2) were 3.1 and 7.3, respectively, corroborating the data obtained by means of FTIR and 
Boehm titration, since the concentration of acid groups in OBMm virtually doubled as compared to that in OBMi, in 
agreement with the slightly basic pH of OBMm (7.3). At pH values lower than 3.1 (OBMi) and 7.3 (OBMm), the surfaces 
of the adsorbents are positively charged and, thus, more suitable for adsorbing anionic dyes.

Fig. 3  TGA curves for OBMi 
(A) and OBMm (B) under  N2 
atmosphere at 10 °C/min 
heating rate

Table 2  Surface area and pore 
volume for OBMi and OBMm

Biosorbent Surface area  (m2  g−1) Pore vol-
ume  (cm3 
 g−1)

OBMi 0.21 0.0006
OBMm 0.53 0.1220
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3.2  Effect of operating parameters

3.2.1  Effect of initial pH

The effect of initial pH on OBMi and OBMm removal efficiency of RhB and MB dyes is shown in Fig. S3.
At the pH values under investigation, OBMm adsorption efficiency was superior to that of OBMi for both dyes. Removal 

efficiency was observed to be pH dependent, i.e., removal of contaminants was higher at more basic pH values, most 
likely due to their cationic nature. Thus, the increased efficiency of OBMm as compared to that of OBMi was caused by 
an increase in surface area after modification, corroborated by BET and SEM results.

RhB removal efficiency by OBMm at pH 2.0, 4.0, 6.4, and 10.0 was 29.8%, 72.3%, 91.8%, and 90.7%, respectively, and 
that of MB by OBMm at pH 2.0, 4.0, 6.4, and 10.0 was 29.7%, 74.2%, 96.2%, and 91.0%, respectively. In both systems, 
i.e., OBMm:RhB and OBMm:MB, removal efficiency values diverged from the trend observed in OBMi. Nevertheless, this 

pores

pores

Fig. 4  SEM images of OBMi (a–c) and OBMm (d–f) samples before adsorption at × 250 (a/d), × 500 (b/e), and × 1,000 (c/f) magnifications, 
respectively

Fig. 5  XRD patterns for (A) 
OBMi and (B) OBMm (dried at 
80 °C for 24 h)
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trend may be related to the ionization degree of RhB and MB, since RhB is neutral at pH > 7 but MB is neutral at pH > 5.6. 
These factors favor electrostatic interactions between RhB/MB and OBMi and between RhB and OBMm whereas chemi-
cal modification favors ion–dipole interactions between OBMm and MB as OBMm removal efficiency was significantly 
higher at pH ≥ 6.4 [11, 34].

3.2.2  Influence of ionic strength

Ionic strength can, to some extent, affect electrostatic interactions between adsorbents and adsorbates, while electrolytes 
can influence adsorption behavior by competing with adsorbates on the adsorbent surface. The effect of ionic strength 
on adsorption of MB/RhB molecules onto OBMi/OBMm surfaces is shown in Fig. S4.

Electrostatic interactions between adsorbent surfaces and adsorbed ions were of an attractive nature. Therefore, an 
increase in ionic strength causes an increase in adsorption capacity. On the other hand, when electrostatic interactions are 
of a repulsive nature, adsorption capacity increases proportionately to an increase in ionic strength [35]. OBMi adsorption 
capacity was observed to increase with increasing ionic strength, which points to significant electrostatic interactions, 
corroborating Al Ashik et al. [8] in whose study RhB ionization occurred at pH 4.

At pH 4 in this study, negatively charged OBMi particles interacted with the positively charged portion of ionized 
RhB (located at the basic side, i.e., amine). On the other hand, RhB adsorption increased marginally in OBMm, likewise 
indicating electrostatic interactions. OBMm was positively charged at pH 6.4, pointing to electrostatic interactions with 
the negative side (located on the acidic side, i.e., carboxylate group).

With regard to MB, OBMi also interacted electrostatically, since at pH 4 MB is positively charged and OBMi is negatively 
charged, in addition to exhibiting higher adsorption efficiency with increasing ionic strength. In addition, the results 
suggest ion–dipole interactions between MB and OBMm as the former is in its molecular form at the pH used in the assay 
(pH = 6.4) and removal efficiency does not increase significantly with increasing ionic strength.

3.2.3  Effect of biosorbent dosage

This study evaluated the influence of adsorbent mass on dye removal (Fig. 6).
When biosorbent dosage increased from 25 to 200 mg so did RhB and MB removal. For instance, the rise in dye removal 

efficiency from approximately 40% to 95% in OBMm:RhB and from approximately 25% to 80% in OBMm:MB can be attrib-
uted to an increase in sorption surface area and absorption sites [36]. On the other hand, when OBMm dosage increased 
from 200 to 300 mg, removal percentage decreased in both systems, probably due to the fact that as the adsorbent mass 
increases so does the medium viscosity, hindering RhB and MB diffusion to the biosorbent surface in the medium [37].

Fig. 6  Effect of adsorbent dos-
age on RhB and MB adsorp-
tion onto OBMm
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3.2.4  Adsorption kinetics

Figure S5 shows the results obtained from the contact time assays for OBMm:RhB and OBMm:MB up to equilibrium, 
which occurred after 60 min of contact time.

The amount of adsorbed RhB and MB was directly proportional to contact time. RhB and MB adsorption onto OBMm 
was initially fast, an indication of this biosorbent having high affinity with the dyes under investigation. Initial affinity is 
likely related to the large number of vacant surface sites available for adsorption during the initial stage. Near equilib-
rium, the remaining vacant surface sites were difficult to fill due to slow pore diffusion of solute molecules in the solid 
and in the bulk phase.

Three kinetic adsorption models were selected to model the adsorption data: pseudo-first-order model (Eq. 8) [7], 
pseudo-second-order model (Eq. 9) [38], and intraparticle model (Eq. 10) [39], whose equations are described below.

where qt and qe are amounts of RhB and MB adsorbed at time t and at equilibrium (mg  g−1), K1 is the adsorption rate 
constant of the pseudo-first-order adsorption process  (min−1), K2 is the adsorption rate constant (g  mg−1  min−1). Kint is 
the intraparticle diffusion rate constant (mg  g−1  min−0.5) and C is the interception (mg  g−1). Kint can be estimated from 
the slope of the linear portion of the adsorbed amount curve (mg  g−1) in relation to the square root of time  (t−0.5).

Table 3 shows the kinetic parameters obtained by means of the above mathematical models.
At 2 min of contact time, ~ 30% of RhB was adsorbed, while 60% of MB was adsorbed during the same period. At 10 min 

of contact time, ~ 70% of both dyes were removed, which is corroborated by data obtained using the aforementioned 
kinetic models: the rate constant for MB was four times higher than that for RhB.

The theoretical values of maximum adsorption capacity for RhB and MB—where qe is equal to 1.06 mg  g−1 and 
1.26 mg  g−1, respectively, as both fit the pseudo-second order model—were similar to those obtained experimentally, 
i.e., 1.022 mg  g−1 and 1.307 mg  g−1. This is an indication that the adsorbate-adsorbent interactions were proportionate 
to two sites for each molecule and involved valence forces in which electron exchange or sharing occurs [33].

The intraparticle diffusion model is related to adsorbate diffusion onto the biosorbent surface. Figure S5 shows the 
adjusted Qt × t0.5 curve. This figure evidences that the curve does not pass through the origin and features two lin-
ear regions, suggesting that intraparticle diffusion is not the step that controls RhB and MB adsorption onto OBMm. 

(8)qt = qe
(

1 − e−K1t
)

,

(9)qt =
K2q

2
e
t

1 + K2qet
,

(10)qt = Kintt
0.5 + C ,

Table 3  Kinetic parameters 
of RhB and MB adsorption 
in OBMm (25 mL solution 
volume; 200 mg adsorbent 
mass; 25 °C; 9.63 mg  L−1 dye 
solution concentration)

Biosorbents Parameter Pseudo-first-order 
model

Pseudo-second-order 
model

Intra-
particle 
model

OBMm:MB Qe (mg  g−1) 1.165 1.263 –
K1  (min−1) 0.450 – –
K2 (g  mg−1  min−1) – 0.400 –
Kint (mg  g−1  min−0.5) – – 0.125
C (mg  g−1) – – 0.428
R2 0.817 0.906 0.794

OBMm:RhB Qe (mg  g−1) 0.966 1.064 –
K1  (min−1) 0.109 – –
K2 (g  mg−1  min−1) – 0.145 –
Kint (mg  g−1  min−0.5) – – 0.076
C (mg  g−1) – – 0.328
R2 0.952 0.994 0.843
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Furthermore, kinetic intraparticle diffusion models resulted in low correlation coefficients, demonstrating that adsorption 
is not controlled by pore diffusion in OBMm:RhB or OBMm:RhB [39].

3.2.5  Adsorption isotherm

To better investigate the phenomenon of RhB and MB adsorption onto OBMm at different concentrations at 25 °C, both 
Langmuir (1918) and Freundlich (1907) models of adsorption isotherms were studied. These models are described by 
Eqs. (11) and (12), respectively.

 where Ce and qe are obtained from Eq. (3), Qm is maximum monolayer absorption onto the adsorbent (mg  g−1); KL (L  mg−1) 
is the Langmuir constant related to adsorption site affinity for MB and RhB; Q0

max
 is the theoretical maximum sorption 

capacity of the adsorbent (mg/g); KF is the Freundlich equilibrium constant [(mg  g−1)(mg  L−1)n], indicative of absorption 
capacity; n is the Freundlich constant related to sorption intensity and heterogeneity; and 1/n (dimensionless)—a func-
tion of the adsorption strength—indicates the type of isotherm.

Langmuir and Freundlich adsorption isotherm curves are shown in Figure S6a, b, respectively, and model fits are sum-
marized in Table 4. The best fit for each isotherm model was assessed in terms of R2 (distribution coefficient).

The above data indicate that both biosorption systems are well fitted to the Langmuir and Freundlich models. Compar-
ing both models, the correlation coefficient (R2) of the Langmuir isotherm was 0.999, and RMSE were 0.221 and 2.480 for 
OBMm:RhB and OBMm:MB, respectively, indicating that the adsorption at equilibrium fit the Langmuir isotherm model 
better than the Freundlich isotherm model, because Langmuir model showed higher  R2 values and lower RMSE values, 
thereby suggesting that the dye was adsorbed onto the adsorbent surface in the form of overlaid monolayers [18].

The high value obtained for KF suggests that OBMm adsorbed the dye solution easily. The n value indicates the degree 
of non-linearity between the two stages. For n = 1, adsorption is linear; if n < 1, adsorption is a chemical reaction; and if 
n > 1, adsorption is a physical process [36]. The values of n for OBMm:RhB and OBMm:MB are 1635 and 2260, respectively, 
demonstrating that adsorption in both cases is a physical process. Also, n is a measure of isotherm deviation from linearity 
and is a heterogeneity factor. The value n defines isotherms as S-type, L-type, and C-type according to the Giles adsorp-
tion isotherm classification: n < 1 describes S-type isotherms, n = 1 C-type isotherms, and n > 1 L-type isotherms [18].

The value of n is greater than 1 for both adsorption systems (Table 2), indicating that it consists of a physical process 
and an L-type isotherm. Moreover, when the value of 1/n is between 0 and 1, the isotherm is favorable; if 1/n = 0, it is 
irreversible; and when 1/n > 1, it is unfavorable. In this study, 1/n for OBMm:RhB and OBMm:MB is 0.61 and 0.44, respec-
tively, so both isotherms are favorable.

(11)qe =
QmKLCe

1 + QmCe
,

(12)qe = KFC
1∕n
e ,

Table 4  Langmuir and 
Freundlich isotherm 
parameters for RhB and MB 
adsorption onto OBMm 
(298.15 K; 25 mL solution 
volume; 200 mg adsorbent 
mass; 15 min stirring time)

Biosorbents Parameters Langmuir Model Freundlich Model

OBMm:RhB Qm (mg  g−1) 26.60 –
KL (L  mg−1) 0.00746 –
KF [(mg  g−1)(L  mg−1)n] – 0.630
N – 1.635
R2 0.999 0.997
RMSE 0.221 0.317

OBMm:MB Qm (mg  g−1) 407.98 –
KL (L  mg−1) 0.00036 –
KF [(mg  g−1)(L  mg−1)n] – 5.086
N – 2.260
R2 0.999 0.986
RMSE 2.480 12.986
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The maximum adsorption capacity (Qm) for OBMm:RhB and OBMm:MB, as determined by means of the Langmuir 
model, is 26.60 mg  g−1 and 407.98 mg  g−1, respectively, greater than the capacities found for biosorbents prepared with 
oil palm fruit (69.86 mg  g−1) [40] and black tea leaves (53.12 mg  g−1) [7]. These data evidence the remarkable adsorption 
performance of OBMm, especially in OBMm:MB. Table 5 shows comparative RhB and MB adsorption capacities for OBMm 
and other adsorbents found in the literature.

3.2.6  Thermodynamic parameters

The Van’t Hoff equation can provide data on thermodynamic parameters of the OBMm:RhB and OBMm:MB adsorption 
processes.

Both processes indicate a rise in adsorption with increasing temperature, implying endothermic processes. Table 6 
shows values of ΔH°, ΔS°, and ΔG°, using the data obtained at the last points in Figures S7a-b.

All positive ΔH° values indicate that RhB adsorption onto OBMm constituted an endothermic process. The negative 
ΔG° values point to thermodynamic viability and spontaneity of the adsorption process. ΔG° decreased with increasing 
temperature, indicating that adsorption of RhB molecules increases at higher temperatures. Also, it is physical in nature 
as physisorption ΔH° lies usually between − 20 and 0 kJ/mol.

Moreover, physisorption and chemisorption can also be classified by the value of enthalpy change, whose binding 
forces greater than 84 kJ/mol are thought to be related to physisorption binding [48]. Thus, the dominant physisorption 
mechanism is probably due to Van de Waals forces and electrostatic attractions between oppositely charged RhB:MB 
molecules and adsorbents [18, 49].

Positive OBMm:MB and OBMm:RhB ΔH° confirms the endothermic nature of the process. Furthermore, positive ΔS° 
values corroborate the increased randomness of the adsorbent-dye interface and indicate affinity between RhB and MB 
during adsorption. In addition, positive ΔS° values reveal that the ordering trend decreased in the system after RhB was 
adsorbed onto OBMm. This may be attributed to cationic interaction between this dye and OBMm, leading to an increase 
in the degree of freedom of the system [16].

Table 5  Different maximum 
adsorption capacities for 
methylene blue (MB) and 
rhodamine B (RhB) onto 
modified Onecarpus bacaba 
Mart fibers (OBMm) and other 
adsorbents

Dye Biosorbent Qm (mg  g−1) References

Methylene blue OBMm 407.98 This study
Moringa oleifera seeds 136.99 [41]
Dragon fruit peels 195.2 [42]
Grass waste 364.2 [43]
Banana stems 101.01 [44]
Ulva lactuca 344.83 [45]

Rhodamine B OBMm 26.60 This study
Clitoria fairchildiana 73.84 [18]
Palm fruit bunch 69.86 [46]
Rosemary waste 65.78 [47]
Tea leaves 53.12 [7]

Table 6  Thermodynamic 
parameters for adsorption 
of rhodamine B (RhB) and 
methylene blue (MB) onto 
modified Onecarpus bacaba 
Mart fibers (OBMm)

Adsorbent T (°C) ΔG° (KJ  mol−1) ΔH° (KJ  mol−1) ΔS° (J  K−1  mol−1)

RhB 25 − 10.71 3.40 47.33
35 − 11.18
45 − 11.66
55 − 12.13

MB 25 − 8.70 47.78 189.44
35 − 10.59
45 − 12.48
55 − 14.38
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Negative ΔG° value indicates that RhB and MB adsorption processes are spontaneous and favorable [16, 36]. However, 
the low adsorption capacity found in OBMm:RhB suggests that equilibrium is reached with a very small amount of RhB 
present on the material surface. The efficiency data corroborate the low ΔG° values shown in Table 3. Additionally, the 
adsorption process is governed by entropy variation.

3.2.7  Desorption assays

Adsorption and desorption percentages of MB and RhB were investigated to determine the reuse performance of the 
adsorbents (OBMi and OBMm), as shown in Fig. 7.

Adsorption capacity increases in the four systems from the 1st to the 3rd cycle, within 10 min of contact time. With 
regard to desorption, a different situation can be observed when comparing the biosorbent before and after modifica-
tion. For the system using OBMi, %R is close to that of adsorption (Fig. 7a, b), while OBMm causes a decrease in desorp-
tion (Fig. 7c, d), which may be due to electrostatic interactions being stronger in OBMi:RhB/MB than in OBMm:RhB/MB.

As a final point, both adsorbents were capable of being used in three cycles maintaining high adsorption capacity at 
a consistent MB adsorption/desorption rate, i.e., between 96 and 84%. These data demonstrate that the dyes used in this 
study—especially OBMm, given that its maximum adsorption capacity was greater than that of OBMi—can be employed 
to treat water as it can be efficiently recycled without significantly losing its adsorption capacity. This behavior has also 
been reported for other adsorption systems [49, 50].

Fig. 7  Removal percentages of reuse cycles (adsorption/desorption) of MB and RhB after adsorption onto OBMi and OBMm in ethanol. A 
OBMi:MB; B OBMi:RhB; C OBMm:MB; and D OBMm:RhB
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4  Conclusions

The results obtained in this study show that Onecarpus bacaba Mart can be employed as a low-cost adsorbent for remov-
ing methylene blue and rhodamine B from water as it displayed good adsorption capacity when compared to other 
biosorbents. In natura Onecarpus bacaba Mart (OBMi) and NaOH-modified Onecarpus bacaba Mart (OBMm) exhibited 
neutral surface charge (PZC) at pH 4.0 and 6.4, respectively. Maximum MB adsorption onto OBMm was 407.98 mg  g−1 at 
25 °C. RhB and MB adsorption processes displayed good fit to the Langmuir isotherm model at 25 °C, indicating pseudo-
second-order adsorption kinetics. Thermodynamic assays in this study suggest spontaneous adsorption (ΔG° < 0) and 
endothermic (ΔH° ˃ 0) processes. Based on the above, it is possible to propose the use of Onecarpus bacaba Mart fiber 
residues for adsorbing different dyes in water treatment.
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