
Vol.:(0123456789)

SN Applied Sciences (2019) 1:20 | https://doi.org/10.1007/s42452-018-0021-z

Research Article

Assessment of various treatment methods and reagents for cleanup 
and conditioning of sphagnum peat moss as sorbents in removal 
of malachite green as a cationic organic dye probe from water

Karam K. Abu‑Saqer1 · Said H. Lubbad1 

© Springer Nature Switzerland AG 2018

Abstract
Twelve sphagnum peat moss samples were studied for removal of malachite green, as a cationic dye probe, in assessment of 
various pretreatment methods using three low-cost reagents, applying different approaches such as flow-through, shaking, 
stirring, and sonication. These sphagnum sorbents were categorized as non-treated (sorbent 1), water-treated (sorbents 2–4), 
hydrochloric-acid-treated (sorbents 5–8), and finally sodium-hydroxide-treated (sorbents 9–12). Foremost, the physicochemical 
features of these sorbents were assessed in terms of acidity, matrix emission, total dissolved salts, cation-exchange capacity, 
and particle morphology. As a matter of fact, different reagents and treatment methods showed dissimilar enhancement in 
dye removal tendency. Yet, the water and hydrochloric acid treatments by sonication (sorbents 4 and 8) and more remarkably 
the sodium hydroxide treatment by shaking (sorbent 10) afforded astonishing dye removal rates. Correlating the dye removal 
tendencies of these sorbents, with their physical properties and sorbent capacity, indicated a slight fall in their cation-exchange 
capacity plus a genuine change in the particle shape and substantial reduction in size. Finally, excellent reproducibility was 
demonstrated for the cation-exchange capacity, % removal, and the adsorption pseudo-second-order rate constant.
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1  Introduction

Sphagnum peat moss (SPM) has been reported as a low-
cost sorbent for efficient removal of cationic water pollut-
ants, which was promoted by the high porosity furnish-
ing a high specific surface area [1, 2]. Such an efficient 
dye removal was also enhanced by the peculiar array of 
chemical functionality such as aldehyde, ketone, alcoholic, 
phenolic, and carboxylic groups [3, 4]. In addition, SPM 
was endorsed as a sorbent that required no activation, 
where many studies reported application of non-treated 
SPM in removal of water contaminants [5–7]. However, 
additional studies applied pretreated SPM using differ-
ent cleanup solvents [2, 3, 8–10]. Thus, the treatment of 
sphagnum was recommended in order to lessen probable 
interference caused by the dissolution of matrix compo-
nents such as humic substances. Hence, on the one hand, 
such a treatment enhanced sorbent surface adsorption 
by removing preadsorbed components [11]. On the other 
hand, a cleanup process should not harm the sorbent cat-
ion-exchange capacity (CEC), which subsequently would 
diminish the sorbent adsorption efficiency for cationic 
contaminants [11]. Actually, previous studies confirmed 
that carboxylic and phenolic groups in peat were behind 
the adsorption of cationic material [2, 12]. Not surprisingly, 
the sphagnum humic acids involved in dye removal were 
the chemically bound humic substances onto the sorb-
ent with no contribution from the freely adsorbed ones 
[8]. Hence, the loss of soluble humic substances during 
treatment did not influence the sorbent removal efficiency 
[8, 11]. Namely, the sorbent-bound polar moieties of SPM 
enabled the efficient removal of cationic pollutants irre-
spective of the eluted freely adsorbed humic substances 
during treatment [4, 13–15].

Over 50  years ago, a study reported a comparison 
between different reagents used in sphagnum pretreat-
ment in evaluating the elution of humic substances 
from SPM [16]. Equally important, another related study 
reported on the effect of the physical properties and the 
sorbent capacity of low-moor peat on the adsorption of 
heavy metals [17].

Undoubtedly, sphagnum peat moss has been acknowl-
edged for good removal of a wide variety of dyes; how-
ever, the grade of dye adsorption and the adsorption 
equilibrium contact time depended on the type of dye 
and the peat origin as well. Indeed, the type of interac-
tion between the dye and peat sorbents caused dissimi-
lar dye removal efficiency and adsorption speed, which 
resulted from the different dye nature, whether cationic 
or anionic, and the peat composition and morphology 
[18]. For instance, peats collected from different places 
in Brunei Darussalam showed dissimilar tendency in dyes 

removal, where Keramut-originated peat established high 
removal efficiency of methyl blue and malachite green of 
~ 90% [19]. Moreover, pristine-originated peat showed 
good removal of rhodamine B (93%) and improved that of 
methylene blue and crystal violet to ~ 99% [18, 20, 21]. In 
contrast, Panaga-originated peat showed poor removal of 
Congo red dye of 55% [22]. Similarly, Magellan-originated 
peat from Chile showed dissimilar dye removal efficiency, 
where the acidic black 1, acidic red 27, reactive black 5, and 
reactive orange 16 were poorly adsorbed concluding % 
removal of 29.1, 2.3, 1.3, and 15.2, respectively [23]. How-
ever, basic dyes such as orange 2, blue 3, blue 24, green 
4, and violet 4 were impressively removed (99.9%) [23]. 
Hence, the peat originated in Brazil showed good removal 
of methyl blue reaching ~ 99% [13, 24]. Finally, sphagnum 
moss peat from Northern Ireland established high adsorp-
tion capacity for acid blue 25 (Telon blue) and basic blue 
69 (Astrazone blue), where the maximum adsorption 
capacity was 251 and 14.4 mg/g-sorbent, respectively [5]. 
Regarding the removal speed, the adsorption equilibrium 
contact time concluded in these studies ranged between 
60 and 240 min [18–24].

Recently our group reported a Latvian SPM sorbent, 
which was pretreated by successive refluxing in water, eth-
anol, and acetone. As anticipated, this sorbent established 
low matrix interference and ultrafast efficient removal of 
MG from water compared to various sorbents and peats, 
concluding % removal of ~ 98 and adsorption equilibrium 
contact time of 2 min [11]. Unfortunately, the reflux treat-
ment was time consuming and cost-ineffective, which 
indicated the necessity for a substantial study to reach a 
time- and cost-effective method for peat sorbent condi-
tioning while preserving high efficiency [11].

In this study, different reagents and treatment meth-
ods will be reported for preconditioning of sphagnum 
applying the malachite green as cationic dye probe. The 
physicochemical features and the dye removal tendencies 
of the treated SPM sorbents will be thoroughly assessed.

2 � Experimental

2.1 � Materials and solutions

SPM Substrate Finest Quality (Latvia) was purchased 
from Nord Agri. Malachite green (MG) was purchased 
from Sigma-Aldrich (Germany) and was used as received. 
Analytical-grade sodium hydroxide and hydrochloric acid 
were purchased from Sigma-Aldrich (Germany). Highly 
pure water (TDS = ~ 2.0 mg/L) was used in all experiments.
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2.2 � Instrumentations

A pH meter and TDS-meter were used in acidity and water 
purity assessment. UV–Vis spectrophotometer 1601 (Shi-
madzu, Japan) was used in spectroscopic analyses. Polar-
ized light microscope was used in imaging sorbents’ par-
ticles. Centrifuge system (KOKUSAN, Japan) was used in 
separating sorbents from solution. A mechanical shaker 
(Vibromatic, Selecta) was used in dye removal experi-
ments. A mechanical sieving machine was used in sieving 
peat moss mesh.

2.3 � Preparation of adsorbent and adsorbate

SPM batch was dried in open air for one week before siev-
ing. The collected mesh of 60 was treated accordingly 
(Table 1), where the ratio of SPM to reagent was kept con-
stant 1 g–80 mL. Following the treatment, sorbents were 
rewashed with water till reaching neutral effluents. After-
ward, the SPM sorbents were dried at 60 °C for 72 h. The 
dry SPM was grinded and stored in a desiccator for further 
use. The sorbents’ morphology was studied by polarized 
light microscope. Moreover, the CEC was determined for 
each sample [25]. Finally removal experiments were per-
formed using MG as dye probe for comparison between 
these samples at pH 7 and temp of 25 °C. Concerning the 
adsorbate, a dye stock solution of 500 mg/L was prepared 
and all standard solutions were prepared by serial dilution.

2.4 � Treatment of sphagnum peat moss

First, sorbent 1 was kept untreated as a control for compar-
ison purposes (Table 1). Second, sorbents 2–4 were treated 
by water applying different cleanup approaches such as 
shaking, stirring, and sonication. Third, samples 5–8 were 

treated by 1.0 M HCl and sorbents 9–12 by 0.1 M NaOH 
applying flow-through, shaking, stirring, and sonication, 
respectively (Table 1).

2.5 � Matrix pH, emission, and TDS of sorbents 1–12

After the treatment, the twelve sorbents were evaluated 
for SPM matrix emission in order to assess subsequent 
influence on their removal efficiency of MG. Applying dis-
persive solid-phase extraction method, a mixture of 0.1 g 
SPM sorbents in 10 mL of deionized water was left shaking 
for 20 min using a Vibromatic shaker at 900 U-speed. The 
pH, total dissolved salts (TDS), and absorbance (at 254 and 
616 nm) of the filtrates were determined.

2.6 � Assessment of cation‑exchange capacity 
by titration

The CEC was determined following a modified protocol 
reported [25], where in brief all sorbents were washed 
by 0.1 M HCl solution (1 g-sorbent/20 mL) and dried in 
oven at 60 °C for 72 h. Then, each sample was treated by 
0.1 M NaOH solution (0.1 g-sorbent/5 mL) by shaking for 
10 min. Afterward, the filtrate collected was combined 
with the collected effluents from sorbents’ water wash in 
reaching neutral effluents. Finally, the filtrates were pH-
metric titrated against standard HCl solution. The CEC was 
calculated by subtracting the HCl mequivalents of the sor-
bents’ filtrates from those of the control.

2.7 � Removal of malachite green as dye probe

Sorbents 1–12 were tested for removal of MG by mix-
ing 0.1 g of SPM with 10 mL of 50 mg/L using Vibromatic 
shaker for different time intervals [11]. Following 

Table 1   List of sorbents 
with treatment reagent and 
method, time of treatment, 
and matrix TDS, pH, and 
absorbance

Sorbent Reagent Treatment method Time (h) TDS (mg/L) PH Absorbance

254 nm 616 nm

1 n.a. n.a. n.a 220 4.44 1.31 0.024
2 Water Shaking 2 33.6 7.36 0.687 0.019
3 Water Stirring 2 37.1 7.53 0.488 0.011
4 Water Sonication 2 30.2 7.71 0.768 0.010
5 1.0 M HCl Flow-through n.a. 19.2 6.95 0.845 0.010
6 1.0 M HCl Shaking 2 27.7 6.85 0.730 0.028
7 1.0 M HCl Stirring 2 42.6 6.73 1.154 0.004
8 1.0 M HCl Sonication 2 35.7 5.86 0.482 0.016
9 0.1 M NaOH Flow-through n.a. 47.9 7.53 0.488 0.011
10 0.1 M NaOH Shaking 2 23.2 7.30 n.a. n.a.
11 0.1 M NaOH Stirring 2 23.7 7.35 0.906 0.032
12 0.1 M NaOH Sonication 2 33.0 7.33 0.558 0.012
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extraction, the supernatant was separated from the solid 
and the % removal was calculated applying Eq. 1.

where Co and Ce were the MG initial and equilibrium con-
centrations (mg/L), respectively.

3 � Results and discussion

3.1 � Sorbents’ physicochemical assessment

In activating sphagnum for dye removal, various treatment 
approaches were designed to reduce matrix emission and 
save high sorbent-unoccupied surface area. Suspiciously, 
such a treatment might as well have eluted the adsorbed 
humic acids, and consequently damaged the sorbent per-
formance in dye removal. Therefore, the treated sphagnum 
sorbents were evaluated for matrix pH and emission, TDS, 
CEC, and particles’ morphology.

3.1.1 � Matrix pH, spectroscopic absorbance, and total 
dissolved salts

Foremost, sorbents 1–12 were washed with deion-
ized water by shaking for 20 min next to samples’ pre-
treatment. Thus, the supernatant was analyzed for pH, 
absorbance (Fig. 1), and the total ion salts (Table 1). The 
supernatant of sorbent 1 was remarkably acidic (pH 4.4), 
while these of sorbents 2–12 varied from slightly acidic 
to somewhat basic. Thorough inspection of the pH val-
ues of the washouts showed that sorbents 5–8, treated by 
HCl, were slightly acidic. Predictably, the low solubility of 
matrix-adsorbed humic substances, as a result of proto-
nation by HCl treatment, caused incomplete desorption 
of these humic acids that subsequently dissolved in the 
water washout. Furthermore, the slightly basic pH of the 
washouts of sorbents 2–4 and 9–12, treated by water and 
sodium hydroxide solution, respectively, implied a better 
removal of the soluble humic acids as non-protonated 
carboxylates. To sum up, the increase in the pH, from ~ 4 
(sorbent 1) to ~ 7 (sorbents 2–12), indeed indicated good 
elution of humic acids from the sphagnum. Such a con-
clusion was supported by the lower absorbance values of 
the supernatants of sorbents 2–12 compared to that of 
sorbent 1. Furthermore, the TDS of sorbents 2–12 ranged 
from 19.2 to 47.9 mg/L, which was lower than that of sorb-
ent 1 (220 mg/L) (Table 1). Apparently, the TDS values of 
the washouts of sorbents 2–12 were comparable indicat-
ing an almost similar desorption of metal contaminants 

(1)% Removal =
Co − Ce

Co
× 100

from sphagnum in case of different treatment methods 
and reagents. Predictably, sorbents with different features 
would subsequently furnish dissimilar tendencies in dye 
removal [11].

3.1.2 � Sorbents’ cation‑exchange capacity

The estimated values of cation-exchange capacity (CEC), 
presenting the adsorption active sites for sorbents 1–12, 
are stated in Table 2. Thus, the CEC value of sorbent 1 was 
~ 242 meq/100 g-sorbent, which was relatively high com-
pared to that of low-moor peat reported in a previous 
study [17]. Strangely, water treatment by different meth-
ods caused insignificant decrease in the sorbents’ CEC 
ranging from 239 to 240 meq/100 g-sorbent (sorbents 
2–4). Furthermore, 1.0 M HCl treatment by flow-through, 
stirring, and sonication caused a decrease in sorbents’ 
CEC by < 10% (sorbents 5, 7, and 8 vs. 1), whereas shak-
ing treatment resulted in a decrease of ~ 20% (sorbent 6 
vs. 1). Finally, sorbents’ treatment by 0.1 M NaOH estab-
lished dissimilar decrease in sorbents’ CEC of ~ 10% by 
shaking (sorbent 10 vs. 1) and ~ 20% by flow-through 
and stirring (sorbents 9 and 11 vs. 1). However, the CEC of 
sorbent 12 treated by sonication remarkably dropped to 
152 meq/100 g-sorbent. Clearly, sodium hydroxide treat-
ment resulted in extensive release of humic substances, 
forming the more soluble sodium salts. To sum up, sor-
bents 6, 9, 11, and 12 went through high loss of humic 
substances that was also supported by the low matrix 
absorbance at 254 and 616 nm (sorbents 6–12 vs. 1). 

3.1.3 � Sorbents’ morphology (particles’ shape and size)

The morphology of sorbents in terms of particles’ 
shape and size was inspected using polarized light 

Fig. 1   A histogram for the matrix emission of SPM sorbents 1–12 
illustrated by their absorbance at the MG absorbance maxima of 
254 and 616 nm
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microscope. The particles of sorbent 1 were fibrous of 
relatively large aggregates of ≤ 1000 × 250 µm (Table 2). 
Additionally, water treatments had a mild influence on 
the particle shape and size (sorbents 2–4). In contrast, 
acid treatment resulted in dissimilar sorbents’ particle 
shape and size, where sorbent 5 had relatively large 
and non-uniform aggregates, while sorbents 6–8 had 
smaller semi-spherical or semi-fibrous particles. Unsur-
prisingly, the NaOH treatment drastically changed the 
morphology of sorbents 9–12. Almost these sorbents 
donated semi-spherical particles of diameter ranging 
from 50 to 250 µm. Obviously, sodium hydroxide caused 
substantial change in the sorbent’s morphology as a 
result of matrix hydrolysis esp. for sorbent 12.

3.2 � Sorbents’ assessment in removal of malachite 
green (efficiency and kinetics)

Malachite green removal from water solutions has 
been reported by numerous studies [11, 26–38] due 
to its high mutagenicity and toxicity [4] besides the 
high consumption in coloring industry [5, 39]. Thus, 
MG was applied as a dye probe in assessing the sorb-
ents removal tendencies, where the % removal and the 
pseudo-second-order plot are overlaid in Fig. 2, apply-
ing sorbent 10 for illustrative purpose.

3.2.1 � Malachite green removal efficiency

The calculated % removal indicated that sorbents 1–12 
had different tendencies in the dye removal and dissimi-
lar equilibrium contact times ranging from 1.0 to 3.0 min 
(Table 3). In fact, the % removal of MG by sorbents 1–12 

was calculated at 0.5, 2.0, and 20 min, as adsorption 
patterns for preequilibrium, equilibrium, and post-
equilibrium contact times, respectively (Table 4). Fore-
most, different adsorption tendency in dye removal was 
noticed at contact time of 0.5 min, always in comparison 
to sorbent 1 (Fig. 3). Sorbents 2–4 which was treated by 
water showed improvement in dye removal by 1–3%. 
However, sorbents treated by hydrochloric acid showed 
dissimilar adsorption tendency estimated by 3% drop 
by sorbent 5 and an improvement of 3–4% by sorbents 
6–8 in dye removal. Apparently, sorbent 5 established 
the lowest MG % removal calculated at contact time of 
0.5 min, which was contributed to the relatively large 
and non-uniform shaped particles that resulted in 
poor interaction and slower dye adsorption. Yet, its dye 
removal efficiency became comparable to that of other 
sorbents at contact times of 2.0 and 20.0 min (Fig. 3). 

Table 2   Cation-exchange 
capacity (CEC), particle shape, 
and size for sorbents 1–12

a Cation-exchange capacity of the sorbents determined by titration method
b Particle shape and dimensions characterized by polarized light microscope

Sorbent CECa (meq/100 g-sorbent) (RSD) (%) Particleb (µm)

Shape Dimensions

1 248 ± 3.1 Fiber ≤ 1000 × 250
2 240 ± 0.6 Semi-fiber ≤ 500 × 120
3 243 ± 1.8 Fiber ≤ 800 × 200
4 239 ± 1.7 Semi-fiber ≤ 250 × 70
5 228 ± 3.5 Non-uniform ≤ 500 × 150
6 193 ± 4.9 Semi-spherical ≤ 400
7 231 ± 6.7 Semi-fiber ≤ 250 × 70
8 223 ± 5.9 Semi-spherical ≤ 100
9 200 ± 7.8 Semi-spherical ≤ 250
10 228 ± 3.0 Semi-spherical ≤ 75
11 202 ± 9.1 Non-uniform ≤ 100
12 152 ± 5.8 Semi-spherical ≤ 50

Fig. 2   An overlay plot of the % removal versus time and the 
adsorption pseudo-second-order kinetics for MG applying sorbent 
10
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Not surprisingly, the tendency in dye removal was 
improved for sorbents treated with sodium hydroxide 
(sorbents 9–12) by 1.5–3% compared to that of sorbent 
1. In the light of the removal efficiency at 0.5 min, it was 
concluded that flow-through treatment (sorbents 5 and 
9) demonstrated the lowest efficiency in dye removal 
(Fig. 3). In contrast, the sonication treatment by water 
or HCl and the shaking treatment by NaOH established 
the most efficient sorbents for dye removal (sorbents 
4, 8 and 10). Finally, it was noticed that sorbents 1–12 

showed comparable tendencies in dye removal of ≥ 98% 
at time ≥ 2 min, which changed negligibly at 20 min for 
all sorbents.

3.2.2 � Assessment of adsorption kinetics of malachite green

Recently, it was reported that MG adsorption by SPM 
correlated well with pseudo-second-order plots apply-
ing Eq. 2 [11]. Likewise, the kinetics of dye adsorption 
was analyzed for sorbents 1–12. The linear correlation 

Table 3   Adsorption kinetic and thermodynamic parameters determined applying malachite green as dye probe by treated sorbents

a Rate constant calculated for adsorption pseudo-second-order correlation
b Relative standard deviation of the rate constant k2 from two replicates
c Linearity of pseudo-second-order kinetic plot
d Adsorption equilibrium contact time in removal of malachite green dye from water solutions
e Maximum adsorption capacity or maximum amount of malachite green adsorbed on sorbents calculated from the pseudo-second-order 
kinetic plot
f Partition coefficient of malachite green between adsorbent and solution at equilibrium
g Gibbs free energy calculated from the Kd values
h Amount of malachite green adsorbed calculated at adsorption equilibrium contact time

Sorbent k2
a (g/mg min) RSDb (%) R2c ɛ.τ.d (min) qm

e mg/g-sorbent Kd
f ΔG°g kJ/mol qe

h mg/g-sorbent

1 15.4 2.91 0.9999 2.0 4.921 4.31 − 3.62 4.888
2 59.6 2.57 0.9999 2.5 4.955 4.84 − 3.91 4.899
3 67.9 2.26 0.9999 1.0 4.941 9.33 − 5.53 4.947
4 406.8 0.38 0.9999 1.0 4.958 10.52 − 5.83 4.953
5 14.6 10.5 0.9997 3.0 4.948 8.71 − 5.36 4.943
6 102.0 1.51 0.9999 1.0 4.941 9.40 − 5.55 4.947
7 135.9 1.13 0.9999 1.5 4.980 8.94 − 5.43 4.945
8 812.1 0.18 0.9999 1.0 4.963 13.42 − 6.43 4.963
9 37.5 4.10 0.9998 2.0 4.931 7.66 − 5.04 4.936
10 1032.3 0.12 0.9999 1.0 4.909 5.85 − 4.38 4.916
11 206.3 0.74 0.9999 1.0 4.936 6.11 − 4.48 4.919
12 81.5 1.88 0.9999 2.0 4.960 11.05 − 5.95 4.955

Table 4   The % removal and 
RSD of malachite green at 
adsorption preequilibrium 
(0.5 min), equilibrium (2.0 min), 
and post-equilibrium contact 
times (20.0 min) for sorbents 
1–12

Contact time 0.50 min 2.00 min 20.0 min

Sorbent % Removal RSD (%) % Removal RSD (%) % Removal RSD (%)

1 95.4 ± 1.3 97.7 ± 0.4 98.3 ± 0.2
2 96.4 ± 1.1 98.0 ± 0.1 99.1 ± 0.1
3 98.3 ± 0.3 98.9 ± 0.3 98.7 ± 0.9
4 98.7 ± 0.5 99.1 ± 0.3 99.2 ± 0.5
5 92.5 ± 4.4 98.3 ± 1.0 98.9 ± 0.6
6 98.2 ± 0.1 98.9 ± 0.3 98.8 ± 0.9
7 98.6 ± 0.1 98.9 ± 0.2 99.6 ± 0.5
8 99.2 ± 0.8 99.3 ± 0.2 99.2 ± 0.8
9 96.8 ± 0.8 98.7 ± 0.5 98.2 ± 1.0
10 99.1 ± 0.5 99.3 ± 1.0 99.1 ± 1.1
11 98.6 ± 0.8 98.4 ± 1.0 98.8 ± 0.6
12 98.4 ± 0.3 99.1 ± 0.4 99.3 ± 0.4
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coefficient (R2) of the plotted kinetic data was regarded 
as the key factor to assess the kinetic design. Plotting the 
kinetic data was in favor of pseudo-second order, where 
the values of R2 ranged from 0.9997 to 0.9999 compared 
to ~ 0.90 for pseudo-first order.

where qt and qe are the amount of dye adsorbed at any 
specific time and at equilibrium (mg/g-sorbent), respec-
tively, and k2 (g/mg min) is the rate constant pseudo-sec-
ond-order model.

The adsorption rate for sorbents 1–12 was compared 
based on values of k2 (g/mg.min) (Fig. 4, Table 3). Thus, 
sorbents 2 and 3 demonstrated comparable k2 values, 
which were almost fourfold that of sorbent 1. However, 
sorbent 4 as water-sonicated established faster removal 
with k2 value of ~ 26-fold of sorbents 1, i.e., ~ sevenfold 
these of sorbents 2 and 3. Surprisingly, sorbent 5 had 
an almost equal k2 value to that of sorbents 1, which 
was due to the relatively large particles of non-uniform 
aggregates that slowed down dye adsorption. In addi-
tion, sorbents 6 and 7 had comparable k2 values of 102 
and 135, which were almost sixfold to eightfold that of 
sorbent 1, respectively. Not surprisingly, HCl-sonication 
(sorbent 8) highly enhanced dye removal efficiency 
reaching k2 value of 812.1  g/mg  min. Again, flow-
through treatment by NaOH afforded sorbent 9 with 
relatively low k2 value, of only twice that of sorbent 1. 
Hence, Sorbent 10, treated by shaking in NaOH, estab-
lished the highest dye removal rate with k2 of 1032.3, as 
> 60-fold that of sorbent 1. Such a remarkable adsorp-
tion removal rate, in shortest equilibrium contact time 
of < 1.0 min, was correlated with the relatively high CEC 

(2)
t

qt
=

1

k2 ⋅ q
2
e

+
1

qe
t

and the small particle size concluded, which was not 
the case for sorbent 5 having the slowest removal rate 
despite the identical CEC value for these two sorbents 
because sorbent 5 had a large non-uniform particle 
aggregates. Furthermore, sorbent 11 treated by stirring 
in sodium hydroxide solution had a k2 value of ~ 12-fold 
that of sorbent 1. Finally, as anticipated the relatively 
low value of k2 of sorbent 12 (~ 82  g/mg.min, ~ five-
fold of sorbent 1) presented a discrepancy in the rate 
of dye removal for the sorbents treated by sonication, 
where the dye removal rate was ~ 5 and ~ 10 times lower 
than these of the corresponding sorbents 4 and 8. This 
was correlated with the highly damaged sorbent’s CEC 
regardless of the smallest particle size among treated 
sorbents (Table 2). Finally, sorbents required different 
times to reach equilibrium, as sorbents 3, 4, 6, 8, 10, and 
11 that had comparatively high k2 values demonstrated 
a 1-min adsorption equilibrium contact time (Fig.  5, 
Table 3), whereas the other sorbents of relatively low k2 
values had an adsorption equilibrium contact time rang-
ing from 1.5 to 3.0 min. 

3.3 � The dye adsorption thermodynamics

Thermodynamically, the dye adsorption equilibrium 
constant Kd ranged from 4.31 to 13.42 for sorbents 1–12 
(Table 3). Moreover, the Gibbs free energy (ΔG°) for dye 
adsorption equilibrium ranged between − 3.62 and 
− 6.43 kJ/mol, for sorbents 1–12. Hence, the adsorption 
spontaneity and the low activation energy of the sys-
tem were depicted from the negative values of ΔG° [11]. 
In addition, the adsorption of MG by SPM sorbents was 
merely a physisorption since the ΔG° values calculated 
were < − 80 kJ/mol [17].

Fig. 3   A plot of Δ % removal for sphagnum sorbents 1–12 rationed 
to sorbent 1, at adsorption contact times of 0.50, 2.00, and 20.0 min 
as preequilibrium, equilibrium, and post-equilibrium contact times

Fig. 4   A plot of the ratio of the adsorption pseudo-second-order 
rate constants (k2) for sphagnum sorbents 1–12 to that of sorbent 1
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3.4 � Adsorption maximum and equilibrium 
capacities

The malachite green adsorption maximum (qm) and equi-
librium (qe) sorbent capacities were calculated for sorbents 
1–12, from the kinetic plots (t/qe vs. time) and from Eq. 3, 
respectively.

where Co and Ce are the initial and equilibrium concentra-
tions of MG (mg/L), and V is the solution volume (L), and 
m is the SPM mass (g).

Obviously, reasonable values of qm were concluded 
for all sorbents ranging between 4.909 to 4.980 mg/g-
sorbent (Fig. 6, Table 3). In parallel, the values of qe were 
also comparable for sorbents 1–12, ranging from 4.888 to 
4.963 mg/g-sorbent (Fig. 6, Table 3). In fact, the slightly 
high values of qm and qe were noticed for sorbents 7, 8, 

(3)qe =
(

Co − Ce
)

×
V

m

and 12, which were characterized by either small particle 
size or by high CEC.

3.5 � Comparison of pretreatment reagents 
and methods

Sonication using water and HCl resulted in better sorbents 
with respect to CEC and the rate of dye removal, which had 
in fact furnished sorbents of competitive characteristics for 
ultrafast removal of MG from water solution. In contrary, 
sonication using NaOH turned out to be a poor treatment 
process since it highly damaged the sorbent CEC, which in 
turn deteriorated the rate of dye adsorption. However, the 
shaking treatment of sorbent in NaOH afforded the high-
est removal rate of MG, which was ~ 20-fold and ~ tenfold 
of these of corresponding treated sorbents by shaking in 
water and HCl, respectively (sorbent 10 vs. 2 and 6). Moreo-
ver, the stirring treatment method in water, HCl, and NaOH 
(sorbents 3, 7 and 11) enhanced the dye removal rate for 
the three solvents where the adsorption rate was four-
fold, eightfold, and 12-fold that of sorbent 1, respectively. 
Finally, the flow-through treatment established the poor-
est removal efficiency inferred from the lowest k2 values 
among sorbents 2–12 (sorbents 5 and 9).

3.6 � Reproducibility and errors

In order to check the reproducibility and to weigh the 
errors of the experimental measurements, three repli-
cates were performed for each sorbent in determining the 
CEC, the % removal of MG, and k2 for sorbents 1–12. The 
average values are plotted and reported in Tables 3 and 
4. Obviously, excellent reproducibility were concluded as 
the RSD values ranged from ± 0.5 to 9.1%, from ± 0.1 to 
4.4%, and from ± 0.12 to 10.5% for the CEC, % removal, 
and k2, respectively.

4 � Conclusion

Three treated sphagnum sorbents were concluded for 
the foremost highest dye removal rate that would suit for 
treatment of real contaminated water samples. Different 
reagents and treatment methods caused alteration of the 
physicochemical features of the SPM sorbents and subse-
quently dissimilar dye removal tendencies. The water and 
hydrochloric acid treatment by sonication afforded effi-
cient sorbents for dye removal with relatively high adsorp-
tion rates. The most fruitful treatment was the NaOH by 
shaking furnishing a sorbent with the highest rate of dye 
adsorption of ~ 70 times that of non-treated sorbent. The 
values of the adsorption rate correlated well with the sor-
bents’ CEC and their morphology.

Fig. 5   Plot of the adsorption equilibrium contact times in MG 
removal from water, applying sphagnum sorbents 1–12

Fig. 6   An overlay plot of the maximum adsorption capacity (qm) 
and the equilibrium adsorption capacity (qe) for sorbents 1–12
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