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Abstract Municipal wastewater sludge (also
known as biosolids) is produced in large quantities
from wastewater treatment plants (WWTPs). Tra-
ditionally, analyses of biosolids revealed the pres-
ence of inorganic (including metals) and organic
contaminants which pose health concerns to man
and the environment. This study investigated phys-
ical-chemical parameters and comparative element
concentrations (Ag, Al, As, B, Ba, Ca, Cd, Co, Cr,
Cu, Fe, Hg, K, Mg, Mn, Mo, Ni, P, Pb, S, Se, Zn,
V, Na, S, and P) in biosolids and composted waste-
water sludge (CWS) from Nacogdoches Wastewa-
ter Treatment Plant (NWWTP), Lufkin Wastewater
Treatment Plant (LWWTP), and Angelina-Neches
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Compost Facility (NCF) in East Texas (USA). In
addition, concentrations in perlite, a hydroponic
material, were determined via Fourier transform
infrared spectroscopy (FT-IR), scanning electron
microscopy/energy dispersive X-ray diffraction
(SEM/EDX), inductively coupled plasma-optical
emission spectroscopy (ICP-OES), X-ray diffraction
(XRD)), and thermogravimetric (TGA) analysis.
Via ICP-OES analysis, metal concentrations in bio-
solid samples were similar. Macroelement amounts
followed the order: NWWS ~ LWWS > NCS >
perlite. Notably, concentrations in biosolids, CWS,
and perlite are below recommended USEPA and
WHO maximum ceiling levels. The pH of biosolid
samples was determined between 5.33 and 6.74.
The weight loses of 6-19% wt at ~ 300-700 C
are attributed to volatile compounds and inorganic
metal oxides. From environmental and circular
economy perspectives, this study shows biosolids to
be safe, and potential recycling can be encouraged
for use in soil amendments. This finding could find
impetus to design of much better WWTPs which
improve removal efficiencies and encourage recy-
cling of biosolids.
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Introduction

Wastewater treatment plants produce large amounts
of solid waste with high organic matter content called
biosolids or wastewater sludge (Fullana et al., 2004)
that is disposed to the environment. In the USA, land
application is the major use of sludge, which helps
reduce the need for chemical fertilizers (Xue et al.,
2015). Approximately 8 million dry metric tons of
biosolids are produced annually in the USA, about
half of which is applied to land as fertilizer, and the
other half is either incinerated or deposited in land-
fills (Peccia & Westerhoff, 2015; Sherburne et al.,
2016; USEPA, 2006). The processes of disposing
the biosolids depend largely on the class of biosolids
produced. The generation and treatment of wastewa-
ter processes to produce biosolids for useful purposes
are important for the health of humans, animals, or
plants. However, concerns abound on the applications
of biosolids as soil amendments. The uptake of the
macroelements or microelements by plants (and their
consumption) may lead to accumulation of metals in
the environment (Yang et al., 2014).

Numerous studies have characterized biosolids by
using chromatographic or spectroscopic techniques
including nuclear magnetic resonance spectroscopy
(NMR) (Piotrowski et al., 1984; Smernik et al.,
2003), X-ray absorption near edge structure spectros-
copy (XANES) (Hettiarachchi et al., 2006; Shober
et al., 2006), transmission electron microscopy
(TEM) (Yang et al., 2014), Fourier transform infrared
spectroscopy (FTIR) (Onchoke et al., 2018a), Raman
spectroscopy, ion chromatography (IC) (Onchoke
et al., 2018a), scanning electron microscopy (SEM),
and thermochemical methods (Barneto et al., 2009;
Kreutter et al., 2019). Characterization of biosolids
is important for assessing the impact of land-applied
biosolids to plants and humans. Examination of pol-
lutants or metal concentrations in biosolids ena-
bles understanding possible exposure pathways to
the environment, designing of disposal or recycling
methods (Cheng et al., 2020), and/or the instituting
and enacting steps that can reduce potentially harmful
routes.

The global worldwide challenges and in the USA
focus on cognizance of various emerging pollutants
including perfluoralkyl sulfonates (PFAS) laden in
biosolids (D’Agostino & Mabury, 2017). Thus, gov-
ernment agencies and research centers continue to
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quantify, assess, and pursue measures geared towards
reducing effects of these pollutants. Such pollutants
interact with metals that occur in different speciated
forms. The microscopic and macroscopic param-
eters necessitate the continuous studies of biosolids-
metal interactions.

As population increases and city municipali-
ties receive more city dwellers, the need for more
WWTPs becomes urgent. In the USA and other
developed countries, about 80% of domestic WW is
treated centrally via sewerage in WWTPs. The sew-
age sludge produced is mainly applied for agricultural
purposes, disposal via land filling, and/or incineration
for energy recovery (Cheng et al., 2020). The chal-
lenges and necessity of increasing WWT facilities
include the need for more land use with city devel-
opment, and new facilities that are capital and energy
intensive (Ghimire et al., 2021). Thus, WWTPs
become useful resources for cycling water, energy,
and nutrients. The need for the circular economy,
defined as “keeping materials and products in the
economy as long as possible by promoting recycle
and reuse” (Ghimire et al., 2021), is necessary. The
goal is to extract or retrieve organic carbon, phospho-
rus, nutrients, low-grade heat, and other recoverable
products such as rare earths (Westerhoff et al., 2015 ;
Yang et al., 2014).

Trends for wastewater management and recycling
economy, therefore, include a need to ensure utiliza-
tion of the many resources prevalent in wastewater
products, and specifically, biosolids. Other challenges
are the removal of inorganic and organic pollutants
including emerging pollutants such as pesticides,
metals, pharmaceuticals, nanoparticles, and micro-
plastics (Keller et al., 2020). Although WWTPs are
efficient in the removal of pollutants, designing ana-
lytical methods for detection of pollutants at low ppt
level are also essential.

In East Texas (USA), recent studies investigated
the metal content of biosolids (Onchoke & Fateru,
2021; Onchoke et al., 2018a).Although previous
analysis for NWWTP and LWWTP (Onchoke et al.,
2018a) was reported, a re-evaluation of biosolids
from WWTPs was deemed necessary to provide
baseline data for comparison with reported stud-
ies. Conversely, there is paucity of reports of CWS
from Angelina-Neches Compost Facility (NCF) on
metal concentrations and structural composition.
The present study used multi-pronged spectroscopic
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techniques to characterize biosolids collected from
Lufkin or Nacogdoches wastewater treatment plants
(LWWTP and NWWTP) and the Angelina-Neches
Compost Facility (NCF). Inductively coupled plasma
optical emission spectroscopy (ICP-OES) was
employed to quantitate Ag, Al, As, B, Ba, Ca, Cd, Co,
Cr, Cu, Fe, Hg, K, Mg, Mn, Mo, Ni, P, Pb, S, Se, Zn,
V, and Na in biosolid samples. The morphology, par-
ticle size, and crystalline nature of the biosolid sam-
ples were determined using scanning electron micros-
copy (SEM) and X-ray diffraction (XRD). The % loss
of mass (or decomposition) of biosolid samples was
also provided using thermogravimetric analysis. In
addition, it was the objective of this study to quan-
titatively assess perlite—a hydroponic material used
for soils and/or biosolids amendments. Thus, spectro-
scopic inter-comparisons of biosolids, CWS, and per-
lite were investigated.

In this paper, we present a multi-pronged spectro-
scopic study for detection and quantifying metal con-
tent in wastewater biosolids from three WWTPs in
East Texas and a hydroponic material (perlite). There
are three aspects to this study. First, the need to deter-
mine the concentration of metals is critical to assess-
ing toxic levels and possible risks when biosolids
are used as soil amendments. Second, the evaluation
of the efficiency of the WWTPs in removal of met-
als, and metal content in a commercially used com-
posted wastewater sludge (soil therapy compost), and
the well-known soil amendment hydroponic material
(perlite). Third, this investigation provides insight
into the suitability of the biosolids and perlite for use
as soil amendments.

Materials and methods
Sampling sites

Biosolid samples were collected from Nacogdoches
Wastewater Treatment Plant NWWTP), Lufkin Waste-
water Treatment Plant (LWWTP), and Angelina-Neches
Compost Facility (NCF) (Fig. 1). The Nacogdoches
Wastewater Treatment Plant (NWWTP) is located at
2977 Rayburn road, latitude 31° 33' 31.2444” N, lon-
gitude 94° 38’ 52.1808” W, Nacogdoches, Texas. It
has a treatment capacity of 12.88 million gallons per
day (MGD) (Onchoke et al., 2018a). Lufkin Waste-
water Treatment Plant (LWWTP) is located at 300 E.

Shepherd, latitude 31° 17’ 13.8804” N, longitude 94° 44/
56.2416” W, Lufkin, Texas, with a treatment capacity
of 11.3 MGD. The Angelina-Neches Compost Facility
(NCEF) is located at 1805, Highway 79 W, 31°54" 1.552”
N, longitude 95°24' 16.451” W, Jacksonville, Texas.

Materials and chemical reagents

Biosolid samples were collected in plastic containers,
air-dried and sieved through a 2.36-mm diameter stand-
ard testing sieve (from A.S.T.M, Milwaukee, Wisconsin,
U.S.A.). All reagents used were of high analytical purity.
All plastic containers and bottles for sampling, storage,
and processing were acid-cleaned with conc. nitric and
hydrochloric acids (70% ACS reagent (HNO;), Flinn
Scientific Inc., Batavaria, IL, USA)). Ultrapure water
(18.2 MQ), HNO; and HCl (Flinn Scientific Inc.), hydro-
gen peroxide (35% wt, Sigma Aldrich), and KBr (Sigma
Aldrich Chemical Co.) were used as received. The ICP-
OES solutions for metal calibration standards were pre-
pared from 1000 mg/L stock solutions.

Physical chemical characterization of biosolids

The pH of biosolids was measured potentiometrically
using USEPA methods 9050D and 9050A (APHA, 2013).
About 20.0000 g of each sample was mixed with 40 mL
ultrapure water (18.2 MQ). The biosolid-water slurry
was suspended for 1 h, and a pH 211 microprocessor (pH
meter, HANNA instruments) was used. The electrical
conductivity of the biosolid samples was determined with
USEPA method 9054A (APHA, 2013). Biosolid-water
slurry was made with 50 mL 18.2 MQ nanopure water
and the suspension shaken at 15 rpm for 60 min. The KCI
was used to calibrate the meter prior to measuring the con-
ductivity of the soil-water suspension (APHA, 2013).

Digestion of samples prior to analysis with ICP-OES

The total metal content in biosolids and perlite was deter-
mined via digestion procedures described in USEPA
method 3050B (USEPA, 1996) and in Ref. # (Onchoke
et al., 2018a). Approximately 0.5000 g of each air-dried
soil therapy compost (STC), perlite (PER), Nacogdoches
wastewater sludge (NWWS), Lufkin wastewater sludge
(LWWS), and CRM (Certified Reference Material, SCP
Science, www.scpscience.com, Graham, NY) sam-
ples were weighed in quadruplicates in Digitubes, and
digestions performed using 1:1 HNO; (70% (v/v), ACS
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Fig. 1 Aerial view

of Nacogdoches (A,
NWWTP), Lufkin Waste-
water Treatment Plant (B
LWWTP), and Angelina-
Neches Compost Facility
(C,NCF). A and B are
adopted from Ref (Onchoke
et al., 2018a)

NWWTP

g
L Akin Water
TN Pollution Comtrol

’

reagent, Flinn Scientific Inc, Batavia, IL, USA) and H,0,
(35% (w/w), Sigma Aldrich, St. Louis, MO). A diges-
tion block (SCP Science, www.scpscience.com, Graham,
NY) was used to reflux the biosolid samples, which were
thereafter filtered with a 0.45-um filter. Standard solu-
tions and dilutions of filtered biosolid samples were pre-
pared in 18.2 MQ.cm water.

Spectroscopic characterization of samples

Inductively coupled plasma-optical emission
spectroscopy (ICP-OES)

An Agilent ICAP 7400 ICP-OES (dual view, Ther-
moscientific) was used to analyze the total metal
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content in biosolid samples. The detailed information
for determination of metal concentrations is presented
in “Digestion of samples prior to analysis with ICP-
OES” section.

Fourier transform infrared spectroscopy (FT-IR)

Air-dried samples were finely ground with agate
mortar and pestle and loaded onto a silicon abra-
sive pad. Infrared spectra were then recorded with
the use of diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) with Perkin-Elmer
Spectrum100 spectrometer in the spectral region
230-4000 cm~! at 4 cm™! resolution. Up to 300
scans were acquired.
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SEM/EDX analysis

The surface morphology, structure, and elemen-
tal composition of samples were determined using
a JEOL-JSM-6100 scanning electron microscope
equipped with a Horiba energy-dispersive X-ray
spectroscopy (EDX). The electron microscope was
operated at an accelerated voltage of 20 KV and fila-
ment current of 200 A. To lower electron charging, an
Automatic Platinum Sputter Coater System (Quorum
Q150RS) was used to coat biosolid samples with Pd/
Au.

Powder X-ray diffraction (XRD) spectroscopy

The crystalline phases and composition of samples
were determined by using powder XRD. A Bruker
AXS D8 Advance diffractometer equipped with an
X-ray tube (Cu Ka radiation: A = 1.54060 1&, 40 kV,
and 40 mA) was used with a Ni filter and one-dimen-
sional LynxEye detector at scanning speeds of 2°/
min and step sizes of 0.0125° and 1s/step. Procedures
reported in Ref. (Onchoke et al., 2018a) were adopted
and followed for line fitting.

Thermogravimetric analysis (TGA) of samples

Thermogravimetric analysis of biosolids was per-
formed in a thermogravimetric simultaneous thermal
analyzer (STA 6000, Perkin-Elmer TGA/DTA) under
a N, atmosphere. About 20.0 mg of samples was used
for each analysis at 10 °C/min, 20 °C/min, 30 °C/min,
and 40 °C/min heating rates in the range 30-1000 °C.

Quality control and quality assurance

Method validation was carried out by comparing ICP-
OES and certified values for Certified Reference Mate-
rial (CRM, EnviroMAT SS-2, SCP Science, www.
scpscience.com, Clark Graham, Canada). Table 1
shows percent agreement between measured values and
the Certified Reference Material. The approximate per-
cent agreement of 80 to 120% between the measured
and CRM values were considered useful for analysis.
The limit of detection (in ppm) for each element ana-
lyzed are given as follows: Ag/0.00187, Al/0.00281,
As/0.00815, B/0.0257, Ba/0.000469, Ca/0.503, Cd/0.
000407 (@ A = 228.802 nm), Cd/0.000391 (@ A =
226.502 nm), Co/0.000473, Cr/0.00126, Cu/0.00426,

Fe/0.00260, Hg/0.00255, K/0.236, Mg/0.00870, Mn/0.
0002, Mo/0.000408, Na/0.844, Ni/0.00151, P/0.00685,
Pb/0.00666, S/0.00829, Se/0.0145, V/0.00163, and
Zn/0.000322 (in alphabetical order).

Results and discussion
Physical chemical characterization of biosolids

The measured pH of biosolids and perlite samples
(Table 2) varied in the range 5.32 to 6.77, in ascend-
ing order: NWWS (5.33 + 0.01) < LWWS (5.78 +
0.01) < STC (6.74 + 0.03). The measured pH is com-
parable to other reports for biosolids in the range 6.01
+ 0.26 and 5.84-8.12 (Kengne et al., 2009; Tandy
et al., 2009). Plants thrive well in the soil pH range
5.50-7.50 (Rengel, 2002). Thus, all samples are suita-
ble as soil media for plant growth. The physicochemi-
cal properties of the sludge used in this work are sim-
ilar to previously reported work from Nacogdoches
and Lufkin wastewater treatment plants (NWWTP,
LWWTP) as listed in Table 2 (Onchoke et al., 2018a).

Spectroscopic analysis of biosolids and perlite

Determination of metal concentrations in Biosolids
via ICP-OES

Macroelements  Figure 2a, b and Table 3 depict
macroelement concentrations in STC, NWWS,
LWWS, and perlite (PER) samples. Notably, essen-
tial nutrients P and K necessary for plant growth are
present in samples. Except for Fe (LWWS (15163 +
2212 ppm), NWWS (32890 + 2695 ppm)), concen-
trations of other elements were relatively similar in
LWWS and NWWS. Comparatively, perlite (PER,
Fig. 2b) contained low amounts of macroelements
(Al (1176 + 322 ppm), Ca (3632 + 1035 ppm), Fe
(1338 + 248 ppm), K (9337 + 1281 ppm), Mg (654 +
236 ppm), P (4649 + 790 ppm), S (2097 + 227 ppm),
Na (195 + 1658 ppm)). The order of concentrations
of macro-elements in biosolids and perlite follow the
trend: NWWS (Al (15591 + 1692 ppm), Fe (32890 +
2695 ppm), Mg (7293 + 647 ppm), P (26102 + 1522
ppm)); LWWS (Al (12217 + 1985 ppm), Fe (15163
+ 2212 ppm), Mg (4116 + 561 ppm), P (20855 +
2594)); STC (Al (12424 + 824 ppm), Fe (13352 +
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Table 1 ICP-OES analysis of certified reference material (CRM), (SCP Science, SS-2, EnvironMAT) the standard deviations, (mean
+ concentration), and the approximate percent agreement (Bd below detection)

Element Number of reference CRM SS-2 (reference consensus value) Measured (Mean + SD), ppm Approximate
samples (1) (mean), ppm percent
agreement
Ag 4 1.3 £ n/a (no confidence interval) Bd -
Al 4 13265 + 1151 15102 + 275 113.85
As 4 75+ 10 88.0 + 2.87 117.33
B 4 12 + n/a (no confidence interval) 11.6 +0.39 96.67
Ba 4 215 +13 2444 +£5.2 104.6
Ca 4 112861 + 4872 121381 + 2658 107.55
Cd 4 2 + n/a (no confidence interval) 1.7+£0.1 86.50
Co 4 12+1 12.69 +0.12 97.61-105.75
Cr 4 34 +4 39.5 +0.77 103.9-116.76
Cu 4 1919 213+ 6 111.52
Fe 4 21046 + 1449 22524 + 174 107.02
Hg 4 0.28 + n/a (no confidence interval) Bd -
K 4 3418 + 351 4619.65 +1189.55 135.16
Mg 4 11065 + 606 12208 + 166 110.33
Mn 4 457 + 24 5214 £7.52 114.09
Mo 4 4 + n/a (no confidence interval) 24+0.22 60
Ni 4 54+4 54.51 £ 1.69 100.94
P 4 734-770 1022 + 36 134.3
Pb 4 126 + 10 (116-136) 131.5 £ 1.09 104.37
S 4 2193 + n/a (no confidence interval) 3544.66 + 33.66 161.64
Se 4 0.8 (no confidence interval) Bd -
Zn 5 467+ 23 484.18 +5.21 103.67
v 4 34+3 40.30 £ 0.91 118.53
Na 4 558 + 102 783.00 + 21.36 118.64-140.32
Tabl.e 2 Anallysis of . Analyte Results (mg kg™)
physico-chemical properties
of air-dried sewage sludge NWWTS LWWTS STC Perlite
(n=3) pH 5.33 +0.01* 5.78 + 0.01? 6.74 +0.03° 5.77+0.03°
5.87+0.03° 6.99 + 0.09°
C (%) 325 +0.02 30.9 +0.01 33.70c ND
N (%) 9.8+ 0.7 8.4+0.8 1.59 ND
P 935+ 20 1705 + 30 6600° 4649 + 790
Where no standard S 211 1478 - 2097 + 227
deviation is given, only one Total Ca 1521 3869 4200° 3632 +1035
sample measurement was Total Mg 574 709 700° 654 + 236
made once Total K 675 679 700¢ 9337 = 1281
jVD not determined Organic matter 64.9 61.8 67.40 ND
(gﬁﬁglﬁ: o ﬁffzz 18) (mg/ke)
NH,*-N (mg/kg) 170 205 ND ND

Pthis study
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Fig. 2 Macroelement 40000
concentrations (ppm) of » mSTC mLWWS mNWWS
(a) STC (n = 4), LWWS, £
NWWS (1 =3), and perlite z 30000
(b, n = 4). Standard devia- ~
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g
5 10000
2
]
© 0
Al Fe K Mg P S Na
Elements
b)
12000
E 10000 t
o
< 8000
=i
2 6000
£ 4000 I I
o
g 2000 .
S , LM I £ _
P S N

Al

2731 ppm), Mg (1362 + 98 ppm), P (8623 + 426
ppm)) > PER (Al (1176 + 322 ppm), Fe (1338 + 248
ppm), Mg (645 + 236 ppm), P (4649 + 790 ppm)),
for Ca: LWWS (21552 + 3186 ppm) > NWWS
(18738 + 1644 ppm) > STC (11760 + 1358 ppm) >
PER (3632 +1035 ppm), and K: PER (9337 + 1281
ppm) > NWWS (6126 + 229 ppm) > LWWS (3328
+ 548 ppm) > STC (2207 + 82 ppm).

Microelements Figure 3a, b and Table 2 depict the
concentrations of microelements in STC, NWWS,
LWWS, and PER. Notably, Ba, Cu, Zn, and Mn are
observed in higher concentrations in all samples. The
microelements Ba (LWWS — 319 + 44 ppm, NWWS
—563 + 45 ppm, STC — 308 + 14 ppm), Cu (LWWS
—531 + 78 ppm, NWWS — 386 + 35 ppm, STC — 338
+ 14 ppm), Mn (LWWS - 1262 + 192 ppm, NWWS
— 1136 + 102 ppm, STC — 794 + 39 ppm) and Zn
(LWWS — 883 + 127 ppm, NWWS — 810 + 71 ppm,
STC - 409 + 14 ppm) were present in higher con-
centrations vis-a-vis other microelements. Microele-
ments concentrations occur in the order Ba: NWWS
(563 + 45 ppm) > LWWS (319 + 44 ppm) > STC
(308 + 14 ppm ) > PER (31 + 7.2 ppm), Cu, Mn, Zn:

Fe K Mg
Elements

a

LWWS (Cu (531 + 78 ppm), Mn (1262 + 192 ppm),
Zn (883 + 127 ppm)) > NWWS (Cu (386 + 35 ppm),
Mn (1136 + 102 ppm), Zn (810 + 71 ppm)) > STC
(Cu (338 + 14 ppm ), Mn (794 + 39 ppm), Zn (409
+ 14 ppm)) > PER (Cu (2 + 0.6 ppm), Mn (27 + 6
ppm), Zn (10 + 2 ppm)). Figure 3a shows that toxic
elements As, Cd, Cr, Hg, Co, and Pb were detectable
in concentrations < 30 ppm. The regulated microele-
ments As, Cd, Cr, Cu, Hg, Pb, Mo, Ni, and Zn were
found below USEPA maximum concentration limits
(Table 3), consistent with previous reported findings
(Onchoke et al., 2018a).

FTIR analysis of biosolids Figure 4a—c compare
infrared spectra of NWWS, LWWS, and STC in the
240-4000 cm™' region, respectively. As observed,
no significant differences are noted in band and
peak positions. This suggests similarity of func-
tional groups. The broad band at 3600-3200 cm™
indicates the presence of an -O-H or N-H stretch-
ing of carboxyl, phenolics or amino groups. Bands
at 30002700 cm™ and 1640 cm-1 are ascribed to
sp® C-H stretching, and carbonyl and amide groups,
respectively. The peaks in the 1250—-1000 cm™ region
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Table 3 Mean + standard deviation of metals in the biosolid samples analyzed with ICP-OES and their corresponding USEPA limit

Element Samples
STC (ppm) (n =4) PER (ppm) (n =4) LWWS (ppm) (n = 3) NWWS (ppm) (n = 3) USEPA

ceiling limit
(ppm)

Ag 1.11 + 0.30 Bd Bd 0.58 +0.38 -

Al 12424 + 824.48 1175.90 + 321.63 12217 + 1985 15591 + 1692 -

As 5.48 +0.62 2.77+0.81 20.09 £2.79 11.68 + 0.64 75

B Bd Bd Bd 107.2 + 20.63 -

Ba 308.16 + 13.64 30.84 +7.17 318.56 + 44.25 563 +45.29 -

Ca 11760 £1358.16 3632 + 1035.31 21552 + 3186 18738 + 1644 -

Cd 0.19 + 0.07 0.05 +0.03 0.20 + 0.03 Bd 85

Cr 4.25+0.18 0.93 +0.36 11.08 + 1.67 16.70 + 1.71 3000

Co 14.35 + 0.38 4.85+ 1.75 24.69 + 3.76 25.74 + 3.48 -

Cu 337.51 + 14.35 1.98 +£0.58 530.91 + 78.26 386.4 + 34.86 4300

Fe 13352 £2731 1338 + 248.40 15163 + 2212 32890 + 2695 -

Hg Bd Bd Bd Bd 57

K 2206.96 + 81.59 9337.2 + 1281.49 3328 + 547.95 6126 +229.44 -

Mg 1362.43 + 97.71 654.09 + 236.114 4116 + 561.34 7293 +646.98 -

Mn 793.62 + 38.56 26.77+5.73 12623 + 191.73 1136 £101.86 -

Mo 3.90 + 0.87 Bd 7.67+1.32 7.29 +£0.72 75

Ni 17.49 + 0.38 9.08 + 1.29 33.46 £1.21 44.04 +4.21 420

P 8623.35+425.64 4649.08 + 789.97 20855 + 2594 26102 + 1522 -

Pb 16.99 + 0.57 Bd 2921 £3.44 26.51 +0.59 840

S 2837.95 +89.21 2096.93 + 227.26 12116 + 1784 8365 +£330.67 -

Se Bd Bd Bd Bd 100

Zn 408.58 + 13.98 10.06 + 1.98 882.53 +£127.42 810.36 £ 71 7500

\% 12.13 +£2.25 5.37 + 1.06 7.80 + 1.31 33.26 +£3.27 -

Na 668.31 + 91.96 194.45 + 1658.34 271.49 +658.58 Bd -

(n = 4 for STC (soil therapy compost), n = 3 for NWWS (Nacogdoches wastewater sludge), n = 3 for LWWS (Lufkin wastewater
sludge), n = 4 for PER (perlite), Bd below detection)

indicate a C-N group. The peaks at 1375 cm™', 695
cm™!, and 563 cm™ are ascribed to the presence of
C-F, C-Cl, and C-Br, respectively (Socrates, 1994).
The presence of the O-H group and the C=0 at 1640
cm™! strongly indicates the presence of carboxylic
acids. The peaks around 1000 cm™ are attributable to
Si-O stretching suggesting the presence of quartz, as
evident from XRD studies (Onchoke et al., 2018a).

Elemental composition of biosolids with SEM/EDX
Figure 5a—d (and Supplementary Fig. S1) depict the
SEM micrographs for STC, NWWS, and LWWS,

and perlite, respectively. The particle size diameters
are observed in the range 25-350 pm, in agreement

@ Springer

with results which showed particle diameters in the
range 1-500 pm (Choo & Lee, 1998; Onchoke et al.,
2018c). Notably, sludges are porous materials with
average diameter size of about 20-50 pm with fea-
tures in the nanometer scale (Onchoke et al., 2018a).
Cheng et al. (2016) measured large particle sizes in
hundreds of micrometers. This property renders bio-
solids advantageous for use in separations.

Figure 6a—c show the EDX graphs along with
respective elemental compositions of STC, NWWS,
and LWWS. The elemental composition shows
macroelements Al, Ca, Fe, K, P, and S, which were
detected with ICP-OES. These elements occur in
approximate equivalent amounts in NWW, LWW, and
STC biosolids. Due to low detection limits by EDX,
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4), LWWS, NWWS (n = 3), and perlite (b, n = 4). Standard
deviations are shown in graph

elements As, Cd, Hg, and Pb were below detection
vis-a-vis C, O, Sc, Cl, and Si. In decreasing trend,
elemental % wt/wt concentrations in STC occur in the
order O (39.8) > C (34.3 %) > Si (9.1 %) > Al (1.7
%) > Na (0.7 %) > P (0.6 %) > Ca (0.5 %) > S (0.2
%). The order of % wt/wt concentration of elements
in decreasing trend in NWWS was O (45.8 %) > C
(41.5 %) > Si (3.8 %) > Fe (2.9 %) > P (2.0 %) > Al
(1.4 %) > Mg (0.7 %) > Na (0.6 %) ~ Ca (0.6 %) >
Co (0.0 %).

X-ray powder diffraction patterns (XRD) of biosolids

Figure 7a, b, and b show the X-ray powder diffrac-
tion pattern of NWWS, LWWS and STC, respec-
tively. The sharp peaks show the crystalline nature of
biosolids and composted sludge. Notably, the com-
parable XRD patterns are similar in peak positions.
These results imply similarity in the sources of the
components of the materials. The literature shows
that the 20 and d-spacing values (6.070°, 14.55),
(20.58°, 4.55), and (26.40°, 3.36) are attributed to
the presence of vermiculite (CaSO,.2H,0), alunogen
(Al,(SO,).17H,0), and quartz (SiO,), respectively
(Onchoke et al., 2018a). Other crystalline phases
include vermiculite (d = 31.21°, 2.29; 30.26°, 2.47),

gypsum (20.68°, 4.31), parygoskite (40.03°, 2.14),
and hexahydrite (45.51°, 1.99) (Fig. 7).

Thermogravimetric analysis (TGA) and derivative
TGA (DTGA)

Figure 8 (panels I and II) and S2 (Supplementary
Information Fig. S2) show the phase changes that
occur upon decomposition of biosolid samples heated
at 10 °C/min, 20 °C/min, 30 °C/min, and 40 °C/min
in the range 30 to 1000 °C. The TGA and DTGA
thermograms (Fig. 8, panels I and II, and Fig. S2) can
be subdivided into four decomposition stages, namely,
33-110 °C, 110-220 °C, 220-400 °C, and 400-800
°C. The initial stage at 33—-110 °C is attributed to loss
of moisture content (Tettamanti et al., 2001). The
second stage occurring at 220—400 °C indicates the
breakdown of small volatile compounds with weak
hydroxyl bonds (Li et al., 2015). The final stage
at 400-800 °C are attributable to loss of inorganic
compounds Si0O,, Al,O;, MgO, Fe,0;, and CaO;
(Magdziarz & Wilk, 2013). Figure 8 shows that the
biosolids’ TGA curves are similar at the four heating
rates. The first, second, third, and fourth stages
(Fig. S2) show approximate weight losses of 5-9.8%,
6-8.5%, 10.92%, and 7.04%, respectively.

Spectroscopic and thermogravimetric implications of
current study

This study assessed the nutrients available for plant
growth and yield, and thus enhances understanding
of the suitability and/or application rates to agricul-
tural fields, and possible pollutant levels in biosol-
ids. In this study, the pH, a critical parameter that
controls the uptake of metals by plants, especially
when present in the labile form, varied in the range
5.33-6.74, indicating favorable pH of biosolids at
which plants thrive between 5.2 and 7.3 (Mtshali
et al., 2014; Smernik et al., 2003). Experiments show
that more plant nutrients are available at pH of about
6 (McConnell et al., 1993). This therefore makes the
NWWS, LWWS, and STC biosolids suitable for land
application.

Analysis of biosolids via ICP-OES yields infor-
mation on the concentrations of macro- and micro-
elements in the biosolids. Microelements (Mn, Zn, Fe,
Cu, Mo, Ni) essential for plant growth were determined
present in the biosolids. Heavy metals As (STC-5.48 +

@ Springer
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Fig. 4 FT-IR (DRIFTS)
spectra of biosolids
NWWS, LWWS and

STC from NWWTP (A),
LWWTP (B), and NCF (C),
respectively, acquired at 4
cm™! resolution

@ Springer

l\ 40

30

20

10

K-M (Kubelka-Munk units)

01, ...

A: NWWTP

4000

I T e I S B e S |
3500 3000 2500 2000 1500 1000 500

10 A

> o o
1 1 1

K-M (Kubellka-Munk units)

N
L

0+
4000

Cc

- —
3500 3000 2500 2000 1500 1000 500

50

N w S
o o o
L L L

K-M (Kubelka-Munk units)

=
o
L

0 +———

C:sTC 8
©

4000

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)




Environ Monit Assess (2022) 194: 121

Page 11 of 18 121

Fig. 5 SEM micrograph
for STC (a), NWWS (b),
and LWWS (c¢) at a X300
magnification, an acceler-
ated voltage of 20 KV, and
filament current of 200 A.
The SEM micrographs for
STC (d), and perlite (d) at
x600 magnification, were
acquired with the following
parameters: an accelerated
voltage of 20 KV, and fila-
ment current of 200 A

(d)STC X 2000 magnification

(€) Perlite X600 magnification
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Elt. | Line Intensity | Atomic | Conc. (wt %)
(c/s) %
[¢] Ka 110 70 56.0
Mg Ka 3.5 0.5 0.6
Al Ka 50 5.5 7.4
Si Ka 168 17 24.3
P Ka 16 1.9 2.9
S Ka 12 1.2 1.9
K Ka 7.2 0.6 1.2
Ca Ka 21 1.7 34
Fe Ka 8.0 0.9 2.4
100.0 100.0
Elt. | Intensity(c/s) | Atomic | Conc
% (wt %)
C 135 48 38.5
0 171 45 47.6
Mg |19 0.8 1.3
Al 25 0.8 1.4
Si 121 32 6.0
P 44 1.1 23
S 18 0.4 0.9
Fe 18 0.5 2.0
100.0 100.0
Elt. Line | Intensity | Atomic | Conc (wt %)
(c/s) %
C Ka 2,262 52 41
o Ko 2,299 39 41
Na Ka 110 0.4 0.6
Mg Ka 256 0.6 0.9
Al Ka 794 1.4 2.4
Si Ka 2,497 3.7 6.8
P Ko 995 1.5 3.0
S Ka 509 0.7 1.4
K Ko 104 0.1 0.3
Ca Ko 458 0.5 1.4
Fe Ko 213 0.4 1.3
100.0 100.0
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«Fig. 6 EDX elemental composition of soil therapy compost
(STC) (a), Nacogdoches wastewater sludge (NWWS) (b), and
Lufkin wastewater sludge (LWWS) (¢). EDX was acquired at
a magnification of X300, an accelerated voltage of 20 KV, and
filament current of 200 A. The percentage composition (% wt/
wt) of elements in each of the wastewater sludge (WWS) is
shown alongside each spectrum

0.62 ppm, LWWS-20 + 2.79 ppm, NWWS-12 + 0.64
ppm), Cd (STC-0.19 + 0.07 ppm, LWWS-0.20 + 0.03
ppm, NWWS-Below detection), Cr (STC-4.3 + 0.18
ppm, LWWS-093 + 1.67 ppm, NWWS-17 + 1.71
ppm), and Pb (STC-17 + 0.57 ppm, LWWS-29 + 3.44
ppm, NWWS-27 + 0.59 ppm) in the biosolid samples
were found below USEPA ceiling limits (Table 3).
This is in accordance with studies that found low metal
concentrations in biosolids vi-a-vis USEPA regulatory
limits (Islam et al., 2013; Onchoke et al., 2018a; Urasa
& Macha, 1999; Westerhoff et al., 2015 ; Yang et al.,
2014). Although metal concentration results in this
study suggest a reasonable recommendation for land
application, continued use over long periods portends
risk of accumulation in soils.

The FTIR spectra for biosolids exhibited absorp-
tion peaks indicative of functional groups -OH, C-H,
C=0, and C-N (Socrates, 1994) in agreement with
previous studies by Zhou et al. (2000) and Onchoke
et al. (2018a). In addition, FTIR peaks revealed the
presence of functional groups C-F, C-Cl, and C-Br
(Socrates, 1994). The presence of functional groups
—COOH and -OH in biosolids causes complexation of
heavy metals in biosolids. This can lead to enhanced
solubility and mobility of heavy metals in biosolids
and thus result in increased uptake of metals by plants
(Al-Wabel et al., 2002; Han & Thompson, 1999). On
a microscopic level, the SEM/EDX micrograph shows
biosolid particle diameters in 25-50 pym range. This
suggests that biosolids are micron-sized materials, in
agreement with previous studies (Kiser et al., 2009;
Onchoke et al., 2018a; Onchoke et al., 2018c). The
multi-pronged spectroscopic analyses are therefore sig-
nificant in establishing the presence of both regulated
and unregulated USEPA metals in sewage sludge. The
elemental composition determined with EDX further
confirms the presence of detected elements Al, Ca, K,
P, Cu, Zn, and Cd by using ICP-OES (Fig. 3).

The presence of vermiculite (CaSO,.2H,0), alunogen
(Al,(SO,).17H,0), and quartz (SiO,) with d-spacings
14.55, 4.55, and 3.36, respectively, in biosolid samples,
was in agreement with other studies (Ling et al., 2017

; Vemic et al., 2015). Ling et al. (2017) found a peak
with a 20 and d-spacing values for quartz at 26.641°
and 3.346. A peak observed for vermiculite and aluno-
gen exhibited similar 20 and d-spacing as previously
reported (Onchoke et al., 2018a).

The TGA and DTGA curves show the presence
of volatile organic compounds with weak hydroxyl
bonds (Barneto et al., 2009) and inorganic species
Si0,, Al,0;, MgO, Fe,0;, and CaO; (Magdziarz &
Wilk, 2013). The micrometer/nanoparticles in bio-
solids can affect the release and mobility of essential
nutrients for plant growth from the organic matter
fraction. The nanoparticles and microparticles are
known to disrupt the plant-microbe relationship that
enhance soil fertility (Fayiga & Saha, 2017). Thus,
further investigations are recommended.

Notably, NWWS and LWWS are produced from
activated wastewater treatment plants and undergo
similar treatment processes. It is therefore plausible
that NWWS and LWWS contain similar element con-
centrations and content. However, NCF composted
sludge contains lower metal concentrations vis-a-vis
regulated USEPA ceiling concentrations. The micro-
crystalline nature of the biosolids is important to the
sequestration of nanomaterials in their crystalline
structures.

Implications for monitoring and risk assessment in
the studied region

The increase in human population necessitates the
need to seek innovative monitoring and assessment
disposal methods that minimize adverse impacts to
the environment. It is evident from this study that
determination of metal concentrations is important
and central to understanding the bioavailabilities
and speciation in various matrices. Furthermore, the
SEM morphologies show that biosolid particle sizes
occur in the micrometer and/or nanometer regimes,
in agreement with previous studies (Onchoke et al.,
2018a). To the best of our knowledge, only a few such
studies in Texas have been investigated (Onchoke
et al.,, 2018a; Onchoke et al., 2018b; Yang et al,,
2014). It is suggested that other analytical technical
techniques, including TEM, and single-particle induc-
tively plasma mass spectroscopy (SP-ICP-MS) (Tou
et al., 2017) be employed for determination, quanti-
tation, and distribution of nanoparticles (NPs) such
as Fe-NPs, Ag, TiO,, zinc oxides/sulfides, titanium
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Fig. 7 Diffractogram XRD patterns for: (a) Nacogdoches and
(b) Lufkin wastewater sludge (Onchoke et al., 2018a). The
assignment of peaks is given in Ref. # (Onchoke et al., 2018a)
and is similar to that of soil therapy compost in ¢ (d-spacing,
and h, k, 1 values of soil therapy compost (STC)

oxides, and CuO, among others (Chen et al., 2015)
in complex environmental samples. Investigation of
various NPs is thus recommended.

Although determination of total element concentra-
tion is important, much more critical is the speciation
and bioavailability of elements (Onchoke & Fateru,
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2021). This will help determine the extent to which
biosolids release elements under various conditions
(such as in basic or acidic forms, temperature, organic
and/or inorganic mixtures). While not discussed in
this research, exposure risks to the environment can
be gauged from their redox behavior, individual metal
or mixed concentrations, environmental factors such
as pH, dissolved oxygen, organic carbon, the presence
of sulfides, and cation-ion exchange (Menzie et al.,
2009). This will give deeper insight into metal uptake
properties by plants, especially when biosolids are
applied to land. Risk assessment of biosolids, in East
Texas, and globally may be measured by finding out
the exposure levels of the metal nanoparticles (Blaisi
et al., 2019). As noted (Blaisi et al., 2019), the assess-
ment of the potential risks posed by the ingredients
in biosolids (including metals) is necessary. Thus, the
measurement of concentrations of pollutants and con-
taminants including pesticides, pharmaceuticals, and
per- and polyfluoroalkyl substances can further be
examined before applied to land, incinerated, or sent
to landfills.

Implications to future research

The comparative metal content of biosolids produced
from three wastewater treatment plants in East Texas
and a hydroponic material (perlite) commonly used
for soil amendments and applications was assessed.
These materials contain element concentrations below
regulated maximum USEPA ceiling levels. Whereas
biosolids can be used in preference to synthesized
fertilizers, studies show continuous use thereof over
long periods of time may increase soil concentration
amounts, particularly for toxic metals such as Cd,
Pb, Hg, or Cr. Therefore, continuous evaluations of
metal concentrations are required during long peri-
ods of land applications. Furthermore, determination
of the speciation of the metal concentrations in vari-
ous biosolids fractions is important. Further research
can be focused on determining operative mechanisms
through which metal species establish equilibria
within soil-biosolids interphases. Such investigations
can lead to understanding rates and kinetics of metal
release between exchangeable and mobile fractions to
soils, and the appropriate dosage amounts for longer
application periods. It is also necessary to develop
simulation models for the kinetic release mechanisms.
Therefore, future research investigations are needed
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in determining the nature of differential interactions
between specific metals and humic-mediated release
or withholding ability for elements.

Conclusions

In summary, characterization of biosolids and a hydro-
ponic material (perlite) by various spectroscopic meth-
ods, namely, ICP-OES, FT-IR, SEM, EDX, XRD, and
TGA, was investigated. The presence of functional

300 400 500 600 700 800 900 1000

-5

Temperature (°C)

groups -OH, C=0, and C-H via FT-IR at 3600-3200
cm™! and 1640 cm™ implicates the ability of biosolids
to complex heavy metals, thus enhancing their uptake
and mobility by plants. This is further manifested from
SEM micrograph and XRD that show particle size
diameters in the range 20-50 um and extension into the
nanocrystalline regime. The observed spectroscopic data
including XRD patterns show the presence of crystalline
structures vermiculite, alunogen, and quartz in biosolids,
which contain elements Ca, Al, and S in their constitu-
tion, in accord with ICP-OES and SEM/EDX analyses.
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Although total metal content does not provide the full
picture on mobility of metals on land applied biosolids,
it is nevertheless important for environmental risk assess-
ments. This information is essential to better understand-
ing of disposal effects of biosolids to land while main-
taining and restoring soil fertility.
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