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ABSTRACT 8 

Sulfonated methyl phenol resin (SMP) is one of most popular organic additives 9 

in drilling fluid. It is difficult to treat drilling wastewater that contains SMP. Sewage 10 

sludge-derived adsorbent (SSA) was prepared by pyrolysis and activation of sewage 11 

sludge. Compared to other biochar and bentonitic adsorbents, the SSA possessed the 12 

highest adsorption capacity for SMP, with a removal capacity of 39.41 mg g
-1

. The 13 

adsorption of SMP onto SSA was investigated by pH, ionic strength, SMP initial 14 

concentration, contact time and temperature. The Langmuir and Freundlich isotherm 15 

models were used to describe the adsorption equilibrium. The Langmuir monolayer 16 

adsorption capacity of SSA was estimated as 42.97 mg g
-1

. The pseudo-first-order 17 

kinetic, pseudo-second-order kinetic and intra-particle diffusion kinetic model were 18 

employed to analyze the adsorption process of SMP onto SSA. The adsorption 19 

activation energy (�� ) was 23.95 kJ mol
-1

 at 25 - 40 
◦
C, which implied the 20 

physisorption was more significant in the SMP-SSA system. The adsorption 21 

thermodynamics was evaluated, and the parameters such as the enthalpy (∆��) was 22 

14.41 kJ mol
-1

 and entropy (∆��) was 58.64 J mol
-1

 K
-1 

at 100 mg L
-1

 SMP. The results 23 

indicated the SMP adsorption onto SSA was spontaneous and endothermic in nature. 24 

The excellent adsorption capacity for SMP indicates that the SSA could be a new 25 

promising low cost adsorbent for removal of SMP pollutants in drilling wastewater. 26 

KEY WORDS 27 

Sewage sludge; Adsorption; Sludge adsorbent; Sulfonated methyl phenol resin 28 

1. Introduction 29 

Sewage sludge can be used as a potential precursor for the production of 30 

adsorbent materials due to its carbon properties.
1,2

 In recent years, considerable 31 

attention has been given to adsorbents derived from sewage sludge for the removal 32 

of pollutants. Some benefits include low potential cost and environmental 33 

sustainability. 
3
 The properties of the adsorbent and its affinity to different pollutants 34 
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are different due to the heterogeneous nature of raw sludges and the diversification 35 

of preparation processes.
1,2

 Much research has been conducted on aqueous 36 

adsorption,
4
 such as the uptake metals ions (Cu

2+
, Ca

2+
, Mg

2+
, Cd

2+
, Cr

6+
, Hg

2+
),

5-10
 the 37 

removal of dye (methylene blue, acid yellow, alkaline black, acid red, naphthalene 38 

dye),
11-16

 the uptake of pharmaceutical products (tetracycline, antibiotics, 39 

anticonvulsants),
17,18

 and the adsorption of phenol and benzene derivatives (phenol, 40 

4-chlorophenol, benzoic acid, 4-hydroxylbenzoic acid).
19-21

 In addition, some authors 41 

have studied the adsorption of organic materials (phosphates, chemical oxygen 42 

demand (COD)) in wastewater onto sludge-derived adsorbents.
22,23

 However, there 43 

have been few studies on the adsorption of large molecule organic pollutants on 44 

sewage sludge-derived adsorbent.  45 

Sulfonated methyl phenol resin (SMP) is one of most popular organic additives 46 

in drilling fluid used in wells deeper than 3000 m. Some beneficial properties include, 47 

due to the good fluid loss, dispersion characters, and resistance to high temperature 48 

(up to 200 
◦
C).

24-26
 SMP is a type of polyelectrolytes that contains sulfonated methyl 49 

(−CH2SO3
-
) in the molecular chain. The functional group enhances the hydrostability 50 

and solubility of SMP, and stabilizes the drilling fluid as a high content of suspended 51 

solid slurry.
27,28

 Because these functional groups are hydrophilic and 52 

non-biodegradable, it is hard to remove SMP from wastewater by means of 53 

coagulation and microbiological methods, both of which are commonly used 54 

methods for wastewater treatment. According to Lv et al.,
29,30

 the adsorption method 55 

was able to achieve a satisfactory result, but the adsorbent itself was expensive for 56 

wastewater treatment. So finding a low cost adsorbent for treatment of drilling 57 

wastewater is significant. Unfortunately, few studies have reported concerning SMP 58 

adsorption on sewage sludge-derived adsorbent, considering its potential low cost 59 

and hierarchical porosity. 60 

It is meaningful and valuable to research the removal of SMP by sewage 61 

sludge-derived adsorbent in aqueous solution. The sewage sludge-derived adsorbent 62 

(SSA) was prepared by pyrolysis and activation of sewage sludge. SSA was then used 63 

to adsorb SMP in aqueous solution. This work focuses on the adsorption 64 

characteristics and mechanism of SMP onto SSA. We analyzed the influence of pH 65 

value and ionic strength on adsorption. Thermodynamic parameters were calculated 66 

to analyze the nature of adsorption. The kinetic and isotherm models for adsorption 67 

were investigated to understand the adsorption mechanism of SMP onto SSA.  68 
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2. Materials and experiment methods 69 

2.1 Experiment Materials  70 

Dewatered sewage sludge used in this study was collected from Jinhai Municipal 71 

Wastewater Treatment Plant in Chengdu, China, where wastewater treatment 72 

undergoes an activated sludge process. Sulfonated methyl phenol resin (SMP, CAS 73 

No.: 68201-32-1, Dry basis content: 88%), was purchased from Bazhou Sanyuan 74 

Petroleum Additives Corp., Xinjiang, China (industrial grade). ZnCl2, K2Cr2O7, 75 

(NH4)2Fe(SO4)2·6H2O, H2SO4, HCl and NaOH were purchased from Changzheng 76 

Chemical Corp., Chengdu, China (analytical grade). All of the required solutions were 77 

prepared with deionized water. 78 

2.2 preparation of SSA 79 

The collected sample was dried at 105 
◦
C for 24 h，ground and sieved through a 80 

size of 50 - 70 mesh. It was then impregnated into 2.5 M ZnCl2 solution at a ratio of 81 

1:2.5 (dry sewage sludge (SS) : ZnCl2 solution, wt : wt) and was stored for 24 h at 82 

room temperature. Subsequently, the supernatant liquid was removed and the 83 

impregnated SS was dried at 85 
◦
C for 12 h. The sample was pyrolyzed in a box-type 84 

electronic heating furnace under a nitrogen atmosphere; it was heated at a ramp 85 

rate of 10 
◦
C min

-1
 to reach 500 

◦
C and then maintained for 60 min. After cooling 86 

down to room temperature, the pyrolyzed product was ground, sieved into less than 87 

100 mesh, washed three times with 3 M hydrochloric acid solution, and then rinsed 88 

with deionized water until the pH was approximately 6 - 7. Finally, the product was 89 

dried at 105 
◦
C for 12 h. The wheat straw and the walnut shell were pyrolyzed at 600 90 

◦
C for 2 h, then washed, ground and dried by the same way of SSA. The biochars 91 

obtained were labeled as WRB (wheat straw biochar) and WEB (walnut shell 92 

biochar). 93 

2.3 Characterization of SMP 94 

Prior to the use, the SMP sample was further purified by deionized water, 95 

filtered through a 0.45 µm membrane, concentrated by reduced pressure distillation, 96 

and desiccated in an oven. The pH of SMP solution was varied using 0.1 M HCl and 97 

0.1 M NaOH solutions. The surface charge of SMP molecular was characterized by 98 

the zeta potential in Zeta PALS 190 Plus (Brookhaven Instruments Corp., USA). Total 99 

Organic Carbon (TOC) and Chemical Oxygen Demand (COD) analyses were employed 100 

for quantitative detection of SMP in water. The TOC analysis was carried out by the 101 

TOC-VCPH analyzer (SHIMADZU corp., Japan), and the COD analysis was performed 102 

according to the dichromate-based COD protocol described in prior work.
31

 103 
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2.4 Characterization of SSA 104 

The proximate analysis included moisture and ash contents were determined by 105 

ASTM D2867-09 (2014) and D2866-11 (2004).
32,33

 Ultimate analysis was carried out in 106 

an Elementary Analyzer vario EL-Ⅲ(Elementar Corp., Germany) to determine C, H, N 107 

and S contents of the SS and SSA, and O content was calculated by difference. The 108 

SSA porous structure was determined by N2 adsorption-desorption isotherms at -196 109 

◦
C, which was obtained in a QUADRASORB SI automatic surface area and pore 110 

structure analyzer (Quanta Chrome Instrument Corp., USA). The functional groups of 111 

SS and SSA were determined using the WQF-520 FIRT spectra (Beijing Ruili Analytical 112 

Instrument corp., China). The energy dispersive X-ray spectroscopy (EDS) analysis of 113 

SSA surface was carried out by a ZEISS EVO MA 15 scanning electron microscope 114 

(Carl Zeiss corp., Germany). The Boehm titration was employed to quantitatively 115 

determine organic oxygen-containing functional groups on SSA surface.
34

 0.2 g of SSA 116 

was placed into 25 mL of the 0.05 M base solution (NaHCO3, Na2CO3, or NaOH). After 117 

shaking for 24 h to reach equilibrium, the SSA was filtered to separate from solution. 118 

Then, the excess base was determined by back titration with 0.05 M HCl solution. 119 

The pH of point of zero charge (pHpzc) of SSA was determined by pH drift method.
35

 120 

0.1 g of SSA was added into a 20 mL of solution with an initial pH ranged from 1 to 11. 121 

After shaking for 24 h, the final pH was determined. When the final pH was equal to 122 

the pH initial, the value was the pHpzc of SSA.  123 

2.5 Adsorption experiments 124 

Adsorption experiments were performed as follows: 50 mL SMP solution and 125 

0.25 g SSA were added into a 150 mL Erlenmeyer flask with a ground stopper. The 126 

flask was placed in a water bath and mechanical shaker at a speed of 240 rpm. After 127 

shaking for 50 h, the flask was taken out and the sample was filtered to separate the 128 

adsorbent from solution. For each experiment, the blank tests was carried out with 129 

deionized water, and the initial concentration of SMP solution (��) was determined 130 

after the shaker test without adsorbent. The residual SMP concentration (��) in 131 

solution was obtained after deducting blank value. 132 

The SMP adsorption capacity (	�, mg g
-1

) was calculated as follows: 133 

	� =
(�
���)

�
                                 (1) 134 

where, �� is the initial concentration of SMP solution (mg L
-1

), �� is the residual 135 

SMP concentration at equilibrium (mg L
-1

), and � is the SSA dosage (g L
-1

). 136 

To study the effect of pH on SMP adsorption onto SSA, the experiments were 137 

performed at different pH levels (varying from 1.2 to 8.3), with an initial SMP 138 
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concentration of 300 mg L
-1

 and an adsorbent dosage of 4 g L
-1

. The influence of ionic 139 

strength was investigated by increasing NaCl concentration from 0.01 to 0.1 g L
-1

. At 140 

different temperatures (10 
◦
C, 25 

◦
C and 40 

◦
C), the adsorption experiments were 141 

performed at predetermined time intervals. For adsorption isotherms, the 142 

experiments were performed at various temperatures (10 
◦
C, 20 

◦
C, 30 

◦
C and 40 

◦
C), 143 

with different initial concentrations of SMP solution (50 - 500 mg L
-1

). For each 144 

experiment, the test was repeated three times, and the average value was reported. 145 

The determined experiment results agreed to within 5% of the relative standard 146 

deviation.  147 

3. Results and discussion 148 

3.1 SMP characterization  149 

The SMP used was a mixture of resin synthetic products with different degrees 150 

of polymerization, and the main molecular structure is presented in Fig. 1. The SMP 151 

molecular chain is formed by phenolic rings, which is linked with methylene via 152 

ortho-positions. The para-positions are substituted by hydroxyl-methyls, and the 153 

sulfonated methyls are linked on the benzene ring, which mainly occur on the head 154 

of the molecular chain.
26,36

 Since SMP was synthesized in the basic environment, the 155 

sulfonated methyl and phenolic hydroxyl were ionized with a pH of 8.64 at a 156 

concentration of 300 mg L
-1

. The SMP had the rigid aromatic ring, and formed 157 

molecule aggregates by hydrophobic effect in water. Furthermore, the aggregates 158 

surface formed a hydration layer by the hydrogen bonding formed between 159 

hydrophilic groups (sulfonated methyl, phenolic hydroxyl) and water molecules,
 
and 160 

caused a large hydrodynamic diameter (about 100 nm).
36 

From DLVO theory, the 161 

stability of colloid system depends on the repulsion and attraction force between 162 

colloid particles. Zeta potential was related to the electrostatic interaction, the high 163 

absolute value of zeta potential (-39 mv, at SMP concentration of 300 mg L
-1

) led to a 164 

higher repulsion between SMP aggregates, the SMP solution was stable.  165 

 

Fig. 1 Structure formula of SMP, n is an integer ranged from 0 to 7. 
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Fig. 2 The Zeta potential of SMP as a function of solution pH, SMP  

concentration: 300 mg L
-1

. 

The solution pH affected the protonation and ionization of the groups, hence, it 166 

could change the zeta potential of the SMP molecule aggregates. As showed in Fig. 2, 167 

when the pH decreased from 7 to 1, the zeta potential of the SMP aggregates 168 

transformed from negative to positive. Increasing hydrogen ion diffused into the 169 

stern layer of SMP colloid particles, and adsorbed selectively onto the ionized groups 170 

of SMP. As a result, the zeta potential of SMP aggregates became reverse. Specially, 171 

when pH reduced approximately to 2.3, zeta potential reached 0, the isoelectric 172 

point of the SMP molecule aggregates was observed. At the isoelectric point, the 173 

electrostatic interaction was minimum, the SMP aggregates was liable to coagulation 174 

due to collision.  175 

 

Fig. 3 Calibration curve of aqueous SMP by COD and TOC analysis. 

The feasibility of utilizing Total Organic Carbon (TOC) and Chemical Oxygen 176 

Demand (COD) analyses for the quantitative detection of SMP in aqueous samples 177 
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was investigated. SMP solutions containing 6.4 - 640 mg L
-1

 were tested with TOC and 178 

COD, and the results are presented in Fig. 3. Both the Coefficient of determinations 179 

(R
2
) of the two standard curves is 0.9999, which indicates that the TOC and COD 180 

measurements for SMP quantification were suitable and feasible. 181 

3.2 SSA characterization 182 

The proximate and ultimate analysis results of SS and SSA are presented in Table 183 

1. The SS contained the carbon content of 33.82%, which implied that the sludge 184 

could serve as a precursor to carbon. According to ultimate analysis, the SSA 185 

contained more C, N and S contents, but had a decrease in the H and O contents. 186 

That was a result of the dehydration of the activating agent that influenced the 187 

pyrolytic decomposition, and lower ash content was owing to the acid washing.
37

 The 188 

N, H, S and O contents were varied, which might be a result of the various functional 189 

groups.  190 

Table 1  

Characterization of proximate and ultimate analysis for sewage sludge (SS) and sewage sludge-derived adsorbent 

(SSA) 

Sample 

Proximate Analysis (%) Ultimate Analysis (%) 

Moisture Ash C H N S O
a
 

SS 2.84 32.53 33.82 4.73 6.00 1.93 20.99 

SSA 2.42 27.92 43.15 4.12 6.25 2.87 15.69 

a
 By difference, O = 100 – C – H – N – S – Ash. 

 

Fig. 4 FTIR spectroscopy of SS and SSA. 

The absorption bands and peaks on the FTIR spectrum were often used to 191 

indicate the existence of functional groups on the adsorbent surface.
38

 Fig. 4 shows 192 
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the FTIR spectrums of the SSA and SS with the similar peaks but different strength, 193 

indicating the presence of similar functional groups on the surface.
39

 The broad band 194 

between 1000 and 1050 cm
-1

 for the SS and SSA exhibited C−O stretching 195 

absorption
3 

and the shoulder at 1050-1090 cm
-1

 was assigned to the structure of 196 

either Si−O−Si or Si−O−C groups.
40

 It is clear that a stronger and broader band (at 197 

3300-3550-cm
-1

) could be ascribed to the O−H stretching of alcohols or the N−H 198 

stretching absorption of the amines.
41

 The weak band appearing at the 615 - 790 199 

cm
-1

 and 1515 - 1550 cm
-1

 regions, also confirmed the presence of −NH2.
42

 The bands 200 

appear at 3800 and 3754 cm
-1

, indicating free OH groups in the carboxyl group.
43

 201 

Another band was observed at 1390 and 1450 cm
-1

 and was assigned to O−H 202 

bending vibration in carbonates or carboxyl-carbonates.
44

 The peak at 1616 cm
-1

 was 203 

observed in Fig. 4, which can be attributed to the C=O stretching absorption by the 204 

carboxyl anion, and the C=C stretching conjugating with another C=C bond, a C=O 205 

bond, or an aromatic nucleus.
41

 In fact, the C=C stretching absorption (at 206 

approximately 1600 cm
-1

) was frequently observed in the study of carbonaceous 207 

materials.
45,46

 In conclusion, the main functional groups on the surface of the SSA are 208 

−C=O, OH, −NH2, C=C and Si−O−Si or Si−O−C. 209 

Table 2 

Porous structure of the sewage sludge-derived adsorbent (SSA) 

SBET
a
(m

2
 g

-1
) 215.6 VTotal

d
(cm

3
 g

-1
) 1.960 

Dmeso
b
(nm) 3.72 VMeso

e
(cm

3
 g

-1
) 0.058 

Dmicro
c
(nm) 0.37 VMicro

f
(cm

3
 g

-1
) 0.013 

a
 BET surface area, by BET method. 

b
 Average mesopore diameter, by BJH method. 

c
 Average micropore diameter, by HK method. 

d
 Total pore volume at P/P0 = 0.98. 

e
 Volume of mesopores, by BJH method.

 
 

f
 Volume of micropores, by DR method. 

Table 3 

Contents of oxygen-containing functional groups from Boehm titration and pH of point of zero charge of SSA 

Carboxyl (meq g
-1

) 0.720 Total acid (meq g
-1

) 1.285 

Lactones (meq g
-1

) 0.303 Total base (meq g
-1

) −a 

Phenolic hydroxyl (meq g
-1

) 0.262 pHpzc 3.48 

a Not determined. 
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Table 2 showed that the SSA sample had a BET surface area of 215.6 m
2
 g

-1
, with 210 

a low volume of micropores (0.013 cm
3
 g

-1
), and a relatively high mesopores (0.058 211 

cm
3
 g

-1
), which was owing to the fabricating-pore effect of ZnCl2.

21
 Similarly, some 212 

studies on SSA reported the degree of micropores was generally not high. 213 

Considering the adsorbate molecular size,
47,48

 Yu and Zhong reported the relatively 214 

high mesopores of SSA facilitated the adsorption large organic matter.
49

 With the 215 

pHpzc of 3.48 (Fig .S1), the acidic surface properties of SSA was caused by the 216 

presence of acid oxygen-containing functional groups quantified by Boehm titration 217 

in Table 3. The high carboxyl group content was determined of 0.720 meq g
-1

, and 218 

lactones and phenolic hydroxyl groups were 0.303 and 0.262 meq g
-1

, respectively. 219 

The pore structure and surface functional groups might give a special adsorption 220 

capacity for the SSA in removing organic pollutants.  221 

3.3 Effect of the solution pH and ionic strength  222 

 

Fig. 5 Effect of the solution pH on SMP adsorption onto SSA at given conditions: 

C0: 300 mg L
-1

, SSA dosage: 4 g L
-1

, contact time: 50 h. 

The initial pH of the adsorption solution is a critical parameter.
50

 The effect of 223 

pH on the SMP adsorption onto SSA was studied over the pH range of 1.2 - 8.3, and 224 

the result is shown in Fig. 5. The maximal removal percentage was observed at pH of 225 

2.4. This can be explained by the effects of surface charge of the SSA and SMP. At pH 226 

of 2.4, the zeta potential of SMP aggregates was negative in Fig. 2, the SSA surface 227 

was protonated partly from Fig. S1. Thus, the electrostatic interaction between SSA 228 

and SMP was attraction. Moreover, the hydrogen bond was weakened due the 229 

decrease of hydrogen acceptors in acid solution. As a result, the hydration layer on 230 

SMP aggregates surface can be broken, which conduced to SMP molecules access to 231 

adsorption sites on SSA surface.
51

 Overly acidic or basic environment led to a 232 
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decrease of SMP removal percentage, it might be due to increasing repulsion 233 

between SMP aggregates. 234 

 

Fig. 6 Effect of the ionic strength on SMP adsorption onto SSA at given 

conditions: C0: 300 mg L
-1

, pH 2.4, SSA dosage: 5 g L
-1

, contact time: 50 h. 

The effect of the ionic strength on the removal of SMP was studied by increasing 235 

sodium chloride concentrations, and the results are presented in Fig. 6. As NaCl 236 

concentration in solution increased from 0 to 0.8 g L
-1

, a decrease of 9.0 % in the 237 

removal rate of SMP was observed. Since then, as the NaCl increased, the removal 238 

rate no longer reduced, which indicated the ionic strength had a negative effect on 239 

the SMP adsorption onto SSA, within a small range. The increasing Na
+
 can compress 240 

the electrical double layer of SMP aggregates, which influenced the surface charge of 241 

SMP aggregates. The electrostatic attraction between SMP and SSA was decreased 242 

due to the increasing ionic strength.
52,53

 Moreover, the result could be attributed to 243 

the competition between SMP and background electrolyte. The adsorption behavior 244 

contained the specific and non-specific adsorption, and the ionic strength could 245 

influence the activity coefficients of adsorbates.
54

 The Cl
-1

 can form competition 246 

adsorption with SMP on SSA surface adsorption sites, which reduced the SMP 247 

adsorption onto SSA.  248 

3.4 Adsorption kinetics of SMP adsorption onto SSA 249 

To analyze the process of the SMP adsorption onto SSA, the kinetic experimental 250 

data were fitted to three models: pseudo-first-order kinetic model, 251 

pseudo-second-order kinetic model and intra-particle diffusion kinetic model.
55,56

 252 

Pseudo-first-order kinetic model 253 

The equation of the Pseudo-first-order kinetic model expression is as follows: 254 

ln(	� �		�) = 	ln	� 	� 	���                      (2) 255 
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where � is adsorption time (h), 	� is the adsorption quality of SMP on SSA at 256 

various time � (mg g
-1

), 	� is the adsorption quality of SMP on SSA at equilibrium 257 

(mg g
-1

) for pseudo-first-order kinetic model, and �� is the pseudo-first-order rate 258 

constant (h
−1

). 259 

 

Fig. 7 Pseudo-first-order kinetic model for SMP adsorption onto SSA at  

10 
◦
C, 25 

◦
C and 40 

◦
C. 

Fig. 7 shows the straight-line plots of ln	(	� �		�)  versus �  for the 260 

pseudo-first-order model. The values of 	�,��� and �� were calculated by finding 261 

the intercept and slope. The estimated values of 	�,��� from the pseudo-first-order 262 

model and 	� values (from experiment) are summarized in Table 4.  263 

From Table 4, there was a large gap of the equilibrium adsorption quantity 264 

between estimated (	�,���) and experimented (	�) values. Considering the low value 265 

of �  (0.8367 - 0.9320), it is suggested that the kinetics of SMP adsorption on SSA is 266 

less likely fitting the pseudo-first-order kinetic model. 267 

Pseudo-second-order kinetic mode 268 

The pseudo-second-order kinetic model is presented as:            269 

�

!"
=

�

!#
#$#

%
�

!#
                               (3) 270 

where � is adsorption time (h), 	� is the adsorption quality of SMP on SSA at 271 

various time � (mg g
-1

), 	  is the adsorption quality of SMP on SSA at equilibrium 272 

for the pseudo-second-order kinetic model (mg g
-1

), and �  is the 273 

pseudo-second-order rate constant (g mg
-1

 h
-1

). 274 

In the same way, 	 ,��� and �  were calculated by the slope and intercept of 275 

the straight-line plots of �/	� versus � for the pseudo-second-order model. These 276 

results are presented in Fig. 8 and Table 4. 277 

Page 11 of 22 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Fig. 8 Pseudo-second-order kinetic model for SMP adsorption onto SSA at 10 
◦
C,  

25 
◦
C and 40 

◦
C.  

Table 4 

Adsorption kinetic parameters at different temperatures for different models 

T(
◦
C) qe, (mg g

-1
) 

Pseudo-first-order kinetic model Pseudo-second-order kinetic mode 

q1,cal(mg g
-1

) k1(h
-1

) R
2 

q2,cal(mg g
-1

) k2(g mg
-1

 h
-1

) R
2
 

10 27.40 19.20 0.1219 0.9069 28.55 0.01430 0.9996 

25 32.56 16.77 0.1196 0.9320 33.44 0.01884 0.9998 

40 34.26 13.64 0.1334 0.8367 34.75 0.02993 0.9996 

The correlation coefficient values (� ) were applied to determine the goodness 278 

of fit between the kinetic models and the experimental data. From Fig. 7, Fig. 8, and 279 

Table 4, it is clear that the pseudo-second-order kinetic model fit the experimental 280 

data very well. The �  of the pseudo-second-order kinetic model (0.9996 - 0.9998) 281 

was higher than the first-order model (0.8367 - 0.9320) at different temperatures. 282 

Moreover, estimates equilibrium adsorption quantity (	 ,���) and experimental values 283 

(	�) were similar at the corresponding temperature. Therefore, it may be concluded 284 

that the pseudo-second-order model is better than the first-order model to explain 285 

the adsorption behavior of SMP onto SSA. Hence, the SMP adsorption process is, not 286 

only related to the concentration of the SMP concentration, but also the SSA 287 

dosage.
56

 288 

Intra-particle diffusion kinetic model 289 

The intra-particle diffusion kinetic model is given as: 290 

	� = �'�
�.) % *                             (4) 291 

where � is adsorption time (h), 	� is the adsorption quality of SMP on SSA at 292 
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various time � (mg g
-1

), �+ is the intra-particle diffusion rate constant (mg g
-1

 h
-0.5

), 293 

and 	* is the intercept for the intra-particle diffusion kinetic model (mg g
-1

). * and 294 

�'  were calculated by the straight-line plots of 	� versus ��.) and are given in 295 

Table 5. 296 

 

Fig. 9 Intra-particle diffusion kinetic model for SMP adsorption onto  

SSA at 10 
◦
C, 25 

◦
C and 40

 ◦
C. 

Table 5 

Intra-particle diffusion kinetic model parameters at different temperatures  

T(
◦
C) 

The sharp increase stage The gradual increase stage The equilibrium stage 

ki,1 

(mg g
-1

 h
-0.5

) 

I1 

(mg g
-1

) 

R
2
 

ki,2 

(mg g
-1

 h
-0.5

) 

I1 

(mg g
-1

) 

R
2
 

ki,3 

(mg g
-1

 h
-0.5

) 

I1 

(mg g
-1

) 

R
2
 

10 8.829 -0.1445 0.9975 2.061 16.12 0.9839 0.7609 22.04 0.9141 

25 8.919 5.427 0.9778 1.839 22.66 0.9633 0.6040 28.34 0.9706 

40 6.007 16.13 0.9007 1.517 25.96 0.9968 0.4787 31.00 0.8932 

Fig. 9 shows the intra-particle diffusion plots contained three segments: the 297 

sharp increase stage, the gradual increase stage and the equilibrium stage. In the 298 

sharp increase stage, the amount of adsorption of SMP onto SSA increased rapidly, 299 

within the first 6 h. This was owing to the instantaneous or the external surface 300 

adsorption.
19

 The gradual increase stage (6.0 - 23 h) was attributed to intra-particle 301 

diffusion, and the adsorption increased gradually over time. The equilibrium stage 302 

was after 23 h, where adsorption reached equilibrium and intra-particle diffusion 303 

slowed down. The straight lines of the gradual increase and equilibrium stages no 304 

passed through the origin, which suggests that intra-particle and film diffusion were 305 
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occurring simultaneously in the adsorption process.
50

 306 

3.5 Adsorption isotherm model 307 

The equilibrium adsorption isotherm is one of the most important data to 308 

interpret the mechanism of the adsorption systems.
57

 In this study, the Langmuir and 309 

Freundlich isotherm equations were used to describe the mechanism of SMP loading 310 

on the SSA in solution at different temperatures. 311 

The Langmuir isotherm model is based on the theory of molecular motion and 312 

the derived monolayer adsorption assumption, which proposes that the adsorption 313 

sites are distributed homogeneously on the surface of the adsorbent.
50

 The Langmuir 314 

isotherm model is one of the most frequently employed models because of its 315 

simplicity and fits very well with experimental data. The equation is expressed as: 316 

	� =
!,��-

�.-��
                                 (5) 317 

where ��  is the residual SMP concentration at equilibrium (mg L
-1

), 	�  is the 318 

adsorption quality of SMP on SSA at equilibrium (mg g
-1

), 	� is the monolayer 319 

adsorption capacity of SMP on SSA estimated by Langmuir model (mg g
-1

), and / is 320 

the Langmuir constant (L mg
-1

). 321 

The Freundlich isotherm equation is an empirical exponential equation and is 322 

valid for adsorption of heterogeneous surfaces.
57

 The model assumes that the 323 

adsorption capacity is relevant to the adsorbate concentration at equilibrium.
50

 The 324 

equation of Freundlich isotherm model is represented as: 325 

	� = 01��
�/2

                               (6) 326 

where ��  is the residual SMP concentration at equilibrium (mg L
-1

), 	�  is the 327 

adsorption quality of SMP on SSA at equilibrium (mg g
-1

), 01 is the Freundlich 328 

constant (mg g
-1

(mg L
-1

)
−1/n

), and 3 is the heterogeneity factor of the Freundlich 329 

isotherm model. When 1/3 value is in the range from 0.1 to 1, the adsorption 330 

process is favorable.
58

 331 
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Fig. 10 Langmuir and Freundlich isotherms for SMP adsorption onto SSA, SSA  

dosage: 5 g L
-1

, pH 2.4, contact tome 50 h, temperature: 10
 ◦
C, 20 

◦
C, 30 

◦
C, 40 

◦
C. 

Table 6 

Langmuir and Freundlich isotherm constants for SMP adsorption onto SSA at 10 
◦
C, 20

 ◦
C, 30

 ◦
C and 40 

◦
C 

T (◦C) 

Langmuir isotherm Freundlich isotherm 

R
2 

qm(mg g
-1

) b(L mg
-1

) R
2 

KF(mg g
-1

 (L mg
-1

)
1/n

) n 

10 0.9960 39.31 0.02257 0.9654 5.484 3.034 

20 0.9980 41.03 0.02349 0.9672 5.558 2.963 

30 0.9972 42.58 0.02786 0.9489 6.603 3.143 

40 0.9969 42.97 0.03284 0.9513 7.379 3.283 

Fig. 10 presents the Langmuir and Freundlich adsorption isotherms of SMP 332 

adsorption onto SSA at 10 
◦
C, 20 

◦
C, 30 

◦
C and 40 

◦
C, respectively, and the parameters 333 

were calculated and are summarized in Table 6. The correlation coefficients (� ) of 334 

Langmuir isotherms (0.9960 - 0.9980) were higher than Freundlich isotherms (0.9513 335 

- 0.9672). This suggests that Langmuir isotherm model has a higher fitting degree 336 

with experimental data. The Langmuir model explained experimental data better 337 

than the Freundlich model. It is concluded that the adsorption SMP onto SSA 338 

conformed to monolayer adsorption. In the Langmuir model, the constant (/) was 339 

defined as the ratio of the rate constant between adsorption and desorption rate 340 

constants and was related to the adsorption capacity. As the temperature increased 341 

from 10 
◦
C to 40 

◦
C, the value / respectively increased from 0.02257 to 0.03284 L 342 

mg
-1

. Similar to /, the monolayer adsorption capacity (	�) increased with increasing 343 

temperature. The 	� value reached a maximum (42.97 mg g
-1

) at 40 
◦
C, implying 344 
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that the adsorption sites for SMP increased with an increase of temperature. The 345 

results also suggest that the adsorption SMP onto SSA was favorable and 346 

endothermic.
58

 The thermodynamic parameters will be discussed in detail in the 347 

following section. 348 

3.6 Thermodynamic analyses 349 

In this study, to investigate the impact of temperature on the thermodynamic 350 

characteristics of SMP adsorption onto SSA, kinetic experiments and isothermal 351 

experiments data were analyzed. The results from kinetic experiments are 352 

summarized in Table 4. The conclusion was that the pseudo-second-order model was 353 

reasonably applied in the SMP-SSA system. As the temperature increased, the 354 

adsorption rate constant (�) increased. The effects of temperature on �	can be 355 

represented by the Arrhenius equation:
59

 356 

 � = 56
�
78
9:                                (7) 357 

where �� is the adsorption activation energy in the SMP-SSA system (kJ mol
-1

), � 358 

is the gas constant (8.31 J (mol K)
-1

), ; is the solution temperature (K), 5 is the 359 

pre-exponential factor, and � is the rate constant, in this case, pseudo-second-order 360 

rate constant. The adsorption activation energy of the SMP-SSA system was 361 

determined by the �  values and the corresponding temperatures, using the 362 

equation as follows: 363 

ln
$<

$#
=

=8(><�>#)

?><>#
                            (8) 364 

The adsorption activation energy (��) values were calculated. The �� value 365 

was 23.95 kJ mol
-1

 at 25 - 40 
◦
C, but 12.90 kJ mol

-1
 at 10 - 25 

◦
C. Higher temperatures 366 

resulted in a larger ��  value, implied the SMP adsorption onto SSA was 367 

endothermic in nature. According to Nollet et al.,
59

 the low �� (5 - 40 kJ mol
-1

) was 368 

characteristic of physisorption. Therefore, the SMP adsorption onto SSA was a result 369 

of physical adsorption. 370 

Thermodynamic parameters of adsorption such as the Gibb’s free energy (∆@�), 371 

enthalpy (∆��) and entropy (∆��) changes were calculated from the isothermal 372 

experiment data using the Eqs (9) and (10):
50

 373 

 ∆@� =	∆�� � ;∆��                         (9) 374 

 ln
!�	�

��
=

∆A


?
�

∆B


?	>
                          (10) 375 

where �  is the SSA dosage (g L
-1

), ��  is the residual SMP concentration at 376 

equilibrium (mg L
-1

), 	� is the adsorption quality of SMP on SSA at equilibrium (mg 377 

g
-1

), � is the gas constant (8.31 J (mol K)
-1

), and ; is the solution temperature (K). 378 
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Eq (10) indicates that a graph of ln 	�	� ��⁄  vs 1/; would yield a straight line, and 379 

the values of ∆�� and ∆�� can be estimated from the slope and intercept. The 380 

Enthalpy determination curves are presented in Fig. 11, and the values of ∆@�, ∆�� 381 

and ∆�� are listed in Table 7.  382 

 

Fig. 11 Enthalpy determination curves for SMP adsorption onto SSA at different  

initial SMP concentrations. 

Table 7 

Thermodynamic parameters for SMP adsorption onto SSA at different initial SMP concentrations and 

temperatures 

Initial concentration 

(mg L
-1

) 

∆�� 

(kJ mol
-1

) 

∆�� 

(J mol
-1

 K
-1

) 

∆@�(J mol
-1

 K
-1

) 

283 K 293 K 303 K 313 K 

100 14.41 58.64 -2.19 -2.77 -3.36 -3.94 

200 12.48 47.71 -1.02 -1.50 -1.98 -2.45 

300 7.132 25.21 -0.0024 -0.25 -0.51 -0.76 

According to Kara et al.,
60

 the ∆�� value of physisorption was less than 40 kJ 383 

mol
-1

. From Table 7, the ∆�� values were positive (7.132 - 14.41 kJ mol
-1

) and were 384 

higher at a lower SMP initial concentration. This suggests the adsorption of SMP onto 385 

SSA was a physisorption process and was endothermic in nature. Moreover, the low 386 

∆�� values implied a loose bonding between the SMP molecule aggregates and the 387 

SSA surface.
61

 The value of ∆�� was positive (25.21 - 58.64 J mol
-1

 K
-1

), suggesting 388 

that the degree freedom increased in the SMP-SSA system. The negative values of 389 

∆@�  support the fact that the adsorption of SMP onto SSA was spontaneous. 390 

Moreover, the negative ∆@� value was higher at lower SMP initial concentration 391 
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and higher temperature, indicating that the adsorption was more spontaneous. 392 

When the temperature increased from 10 
◦
C to 40 

◦
C, ∆@�  became a higher 393 

negative value. At the same time, the monolayer adsorption capacity increased from 394 

39.31 mg g
-1

 to 42.97 mg g
-1

. The results further support that physisorption was more 395 

significant in the SMP-SSA system, which is in accordance with the conclusion from 396 

��. 397 

3.7 Adsorption performance comparison 398 

The adsorption capacities of SSA for removal of SMP have been compared with 399 

other adsorbents reported in literature, and the result was listed in Table 8. The SMP 400 

adsorption capacity was reported in the form of maximum adsorption capacities in 401 

experiments. At the same adsorption conditions, the adsorption amounts of WEB 402 

and WRB were 7.39 and 15.43 mg g
-1

, far below SSA of 39.41 mg g
-1

. It indicated that 403 

the SMP adsorption capacity was highly dependent on the raw materials of activated 404 

carbon, which might be related to the pore structure and surface functional groups 405 

of adsorbent. Yan studied the SMP adsorption onto the bentonitic clay, found the 406 

SMP adsorption capacity on bentonitic clay was highly depend on ionic strength. 407 

After added 15% NaCl, Yan found that the adsorption capacity increased from 8.0 to 408 

28.9 mg g
-1

.
 62

 Similarly, Eren et al. suggested that salt ions forced dye molecules to 409 

aggregate on the modified sepiolite surface.
63

 The SMP adsorption capacity of the 410 

bentonitic clay was a relatively high value, which might be contributed to the special 411 

structure of mineral material. According to Grant and King, the presence of metals on 412 

the adsorbent surface can promote the surface polymerization that phenolic 413 

compounds produce polymeric compounds by oxidative coupling reactions on the 414 

carbon’s surface.
64

  415 

Table 8 

Summary of adsorption of SMP by similar adsorbents 

Adsorbents  Experimental condition SMP adsorption (mg g
-1

) Refs. 

WEB 
pH=2.4, T=40 

◦
C, C(SMP)=500 mg L

-1
, Adsorbent 

dosage=5.0 g L
-1

, C(NaCl)=0 g L
-1

 
7.39 This work 

WRB 
pH=2.4, T=40 

◦
C, C(SMP)=500 mg L

-1
, Adsorbent 

dosage=5.0 g L
-1

, C(NaCl)=0 g L
-1

 
15.43 This work 

SSA 
pH=2.4, T=40 

◦
C, C(SMP)=500 mg L

-1
, Adsorbent 

dosage=5.0 g L
-1

, C(NaCl)=0 g L
-1

 
39.41 This work 

Bentonitic clay 
pH=8.0, T=25 

◦
C, C(SMP)=16670 mg L

-1
, 

Adsorbent dosage=40 g L
-1

, C(NaCl)=0 g L
-1

 
8.0 62 
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Bentonitic clay 
pH=8.0, T=25 

◦
C, C(SMP)=16670 mg L

-1
, 

Adsorbent dosage=40 g L
-1

, C(NaCl)=150 g L
-1

 
28.9 62 

Table 9 

The EDS analysis of SSA surface inorganic substance 

 Inorganic substance of SSA surface  

SSA surface element Si Al Fe Cl K Ca Zn Mg 

Percentage in total(%) 8.57 2.96 2.02 1.33 1.03 0.53 0.48 0.36 

Standard substance SiO2 Al2O3 Fe2O3 NaCl KCl CaSiO3 ZnO MgO 

Percentage in ash
 a

 (%) 62.93 20.02 8.26 2.29 7.06 5.52 2.14 2.15 

a
 Ash content was calculated from SSA (27.92%), and standard substance content was calculated from SSA 

surface.  

From results of EDS analysis, apart from the basic elements (C, H, O, N and S), 416 

other elements was listed in Table 9. It confirmed that the SiO2 was the main 417 

substance of SSA ash, with a percentage of 62.93%. It is noteworthy that the SSA 418 

contained a variety of metal elements (Al, Fe, K, Ca, Zn and Mg) on surface, which 419 

could form the active adsorption sites on SSA surface. Thus, the high inorganic 420 

mineral content of sewage sludge might be advantageous for SMP adsorption onto 421 

SSA. Eren et al. reported that the metal oxide influenced significantly the adsorption 422 

capacity of the bentonite in basic dye solution by ion exchange mechanism.
53,65

 423 

Compared to other adsorbates, the SSA possessed an excellent adsorption 424 

performance for the SMP, with a removal capacity of 39.41 mg g
-1

. These results 425 

indicate that the SSA could be a new promising low cost adsorbent for removal of 426 

SMP in drilling wastewater. 427 

4. Conclusion 428 

In this study, a new adsorption performance of SSA was investigated for the 429 

removal SMP from aqueous solutions. The solution pH played a dramatic effect on 430 

the SMP adsorption onto SSA, and the maximum adsorption capacity of SMP onto 431 

SSA was obtained at pH of 2.4. Increasing electrolyte strength caused a small 432 

decrease in the adsorption capacity of SMP. The process of SMP adsorption onto SSA 433 

followed the pseudo-second-order kinetic model, and the intra-particle diffusion and 434 

film diffusion occurred simultaneously in the adsorption from intra-particle diffusion 435 

kinetic model. The adsorption was rightly described by Langmuir isotherm model, 436 

the monolayer adsorption capacity was estimated as 42.97 mg g
-1

. Thermodynamic 437 

parameters were calculated, and the results indicated the adsorption was 438 

spontaneous and endothermic in nature. At 25 - 40 
◦
C, the adsorption activation 439 
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energy (��) of 23.95 kJ mol
-1

 supported that the physisorption was more significant 440 

in the SMP-SSA system. Compared to other biochar and bentonitic adsorbents, SSA 441 

showed the highest adsorption capacity for SMP. These results indicated that the SSA 442 

could be a new promising low cost adsorbent for removal of SMP pollutants in 443 

drilling wastewater.  444 
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